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Chemistry Department 
Case Western Reserve University 
Cleveland, Ohio 44106 

CATALYSTS FOR THE ELECTROCHEMICAL 
GENERATION OF OXYGEN 

Final Report for 1972 to 1979 
Sponsor: NASA-Ames 

Grant No. : NGR 36-027-050 

I. PRIMARY OBJECTIVES 

To find new, more effective catalysts for the electrolytic evolution of 
oxygen and to understand the mechanism and kinetics for the electrocatalysis 
In relation to the surface electronic and lattice properties of the catalyst. 

II. SPECIFIC OBJECTIVES FOR THIS REPORT 

This report concludes all research performed under NASA Grant 36-027-050. 

A short summary of all work is presented, followed by an Appendix containing 
all published research papers which pertain to the work performed under the 
grant. 

III. SUMMARY OF THE WORK 

The objective of the research was the development of high active electro- 
catalysts for O 2 generation in life support systems. Edisonian methods have 
not proved effective in earlier work carried out by various industrial laboratori 
and consequently the present work was in good part directed to establishing 
a predictive base and particularly identifying the relation of the mechanisms 
and rate constants to the surface electronic properties and morphology. The 
energy efficiency of Op electrogeneration is adversely affected by the over- 
voltage at both the oxygen generating anode and the hydrogen counter electrode 
used in the water electrolysis cell. The research has included O 2 as well as 
Hg electrocataly,s1s with principal emphasis on the former. 
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The early phase of the research concentrated on the examination of the 

kinetics of the O2 generation reaction on a number of surfaces including 

various defect oxides. Several oxide catalysts were found to be considerably 

more active for Og anodic generation than platinum. These include RuO^^, IrO^^ 

and La CoO on substrates such as titanium metal. The Op generation proceeds 
X y c 

with a much lower Tafel slope on these surfaces than on Pt, indicating a dif- 
ferent rate controllir., step. Platinum, however, can be in very high area 
form and remains one of the most effective electrocatalysts for both the O2 
anode and H2 cathode. 

In the more recent phase of the research the electrochemical properties 
of Pt have been examined in alkaline and acid electrolytes in considerable 
detail. Special emphasis has been placed on the electrosorption of hydrogen 
and anodic film formation on Pt since these play a critical role in water 
electrolysis with Pt electrodes. The research has shown that the com- 
petitive adsorption of various anions has a pronounced effect on hydrogen 
electrosorption and anodic film formation and in turn influences H2 as well 
as O2 generation. In alkaline solutions, the presence of divalent cations 
was found to influence the behavior of the anodic films. This information 
is of considerable help in understanding the electrocatalytic properties 
of Pt. 

A key question in electrocatalysis is the role of the surface morphology. 
Various workers including our group have attempted to examine electrosorption 
and electrode kinetics for the O2 and H2 electrode reactions on specific 
surfaces of single crystal metals including Pt but the results have been 
questionable. While the bulk electrodes were single crystal, the surfaces 
have generally not corresponded to a single crystal plane. Further, such 
studies have usually been complicated by surface impurities such as carbon. 
Modern surface physics techniques can be used to produce and characterize 
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single crystal surfaces of known morphology, free of impurities. This offers 
an exciting opportunity for electrochemical studies of such surfaces, provided 
the transfer between the electrochemical and ultrahigh vacuum environments 
can be carried out in such a way to avoid restructuring and contamination of 
the electrode surfaces. A special transfer system was developed for trans- 
ferring single crystal electrode surfaces directly from the ultrahigh vacuum 
of a LEED-Auger system into the electrochemical environment within a thin layer 
electrochemical cell. This system was then used to examine hydrogen electro- 
sorption on the low index planes of Pt single crystals during 1976 and 1977, 
These studies clearly demonstrated that the electrosorption of hydrogen and 
hence the electrocatalytic properties are strongly dependent on the surface 
morphology. 

Viithin the last two years, the LEED-Auger thin-layer electrochemical cell 
system has been used to examine an underpotential deposited foreign metal 
layer on a noble metal substrate, in particular lead on gold. Such systems 
are of special interest because of thin catalytic properties. The three low 
index planes of Au [(100), (111) and (110)] and one stepped surface (410) 
were studied. Special emphais was placed on returning the Au single crystals 
back to the LEED-Auger chamber after the electrochemistry was compieted. The 
voltammetric results indicate that each surface is highly specific toward 
Pb adsorption at mono- and submonolayer levels. Various processes including 
phase transitions within the underpotential ly deposited Pb layer and recon- 
struclion of the Au surface ware identified. This research resulted in a 
Ph.D., thesis which is presented in the Appendix. 

In the past two months new studies were begun using the LEED-Auger 
thin-layer electrochemical cell system to examine oxide formation on Au and 
Pt single crystals using HE as the electrolyte. Very preliminary post-LEED 
results have been obtained which indicate that, for the case of Au (100), 
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potential cycling into the oxide region appears to be an annealing effect 
on the clean, reconstructed (5:‘20) surface. However, for Pt (111), as 
little as three cycles into the oxide region has a strong perturbance on 
the Pt surface as is indicated by gross modification of the hydrogen ad- 
sorption-desorption region in the voltammetry curves. The effect is not as 
dramatic with the Pt (100) surface but the hydrogen region shows new 
structure not previously seen in the vearlier experiments with the H 2 S 0 ^ 
electrolyte. No conclusive post-LEED work has been obtained with the Pt 
surfaces as of yet. These results are extremely preliminary and further work 
is now in progress to verify or disprove this new data. 

Also during the past year various transition metal oxides with spinel 
structures have been prepared in conjunction with a DOE supported project 
involving O 2 electroreduction catalysts for chlor-alkali cell and air-con- 
suming battery applications. These oxides may also prove active as O 2 gene- 
ration catalysts. Consequently two more promising spinels (NiCo20^ and 
CogO^) are being examined for O 2 generation as part of this NASA project. 

IV. SUMMARY OF PAPERS PUBLISHED UNDER NASA SUPPORT 

1. "Ruthenium Oxide Catalysts for the Oxygen Electrode," W. O'Grady, 

C. Iwakura, J. Huang and E. Yeager, in Proceedings of the Symposium 
on Electrocatalysis, M. Brelter, ed.. The Electrochemical Society, 
Princeton, N.J., 1974, pp. /?85-302. 

2. "O^yrgen Electrode Kinetics on Various Electrode Surfaces," E. Yeager, 
Proceedings of Fuel Cell Catalysis Workshop, Electric Power Research 
Institute, A. Fickett, Ed., 1975, pp. 49-60. 

3. "Theory of Charge Transfer at Electrochemical Interfaces," in Annual 
Review of Physical Chemistry, 26, 287 (1975). 

4. "Mechanisms of Electrochemical Reactions on Non-Metanic Surfaces," 
National Bureau of Standards Publ. 455, 1976, pp. 203-219. 

5. "Oxygen Electrocatalysis for Life Support Systems," by W. O'Grady, 

C. Iwakura and E. Yeager, ASME Publication 76-ENAs-37, pp. 1-12, 1976. 

6. "Electrode Surface Studies by LEED-Auger," by W. O'Grady, M. Woo, 

P. Hagans and E. Yeager, J. Vac. Sci. Technol., 14, 101 (1977), 
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7. "The Effects of Cat'lons and Anions on Hydrogen Chemisorption at Pt,” 
by J.C. Huang, W. O'Orady and E. Yeager, J. Electrochem. Soc., 124 , 
1732-1737 (1977). 

8. "Recent Advances in the Understanding of Electrocatalysis and Its 
Relation to Surface Chemistry," by Ernest Yeager, in Electrode Material 
and Processes for Energy Conversion and Storage, J.D.E. McIntyre, 

S. Srinivasan and F.G« Will, eds.. The Electrochemical Society, 

Princeton, N.J., 1977, pp. 149-171. 

9. "Electrochemical Hydrogen Adsorption on the Pt (111) and (100) 

Surfaces", by W. O'Grady, M.Y.C. Woo, P. Hagans and Ernest Yeager, 
in Electrode Material and Processes for Energy Conversion and 
Storage, J.D.E. McIntyre, S. Srinivasan and F.G. Will, eds.. The 
Electrochemical Society, Princeton, N.J., 1977, pp. 172-184. 

10. "Hydrogen Adsorption on Single Crystal Platinum", by E. Yeager, 

W. O'Grady, M.Y.C. Woo, and P. Hagans, J. Electrochem. Soc., 

125 , 348-349 (1978). 

11. "LEED-Auger Thin-Layer Electrochemical Study of the Underpotential 

Deposition of Pb onto Au Single Crystals," P.L. Hagans, Ph.D. Thesis, 

Case Western Reserve University, Cleveland, Ohio (1979) .(To be published). 

12. "Non-Traditional Approaches to the Study of the Solid-Electrolyte Inter- 

face'i Problem Overview", by E, Yeager, presented at the International 
Conference, Non-Traditional Approaches to the Study of the Solid-Electro- 
lyte Interface, held September 24-27, 1979 in Snowmass, Colorado. Pro- 
ceedings to be published. 
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RUTHENIUM OXIDE CATALYSTS VOB THE OXYGEN ELECTROD!! 

W. 0*Grs<iy« C« Ivskurs, J. Huang, and Ernest Yeager 

Department of Chemistry. Case Western Reserve Unlveiriity 
Cleveland. Ohio 44l06 

Abstract 

The electrochemical properties of ruthenium oxide on Tl 
and other substrates have been examined using linear sweep 
voltammetry* oxygen electrode kinetics have been 

studied in alkaline solutions on RuO^ on Ti using princi- 
pally the rotating disk techniq^ue. O2 reduction involves 
the formation of peroxide In the solution phase* O2 gen>>' 
oration occurs at low overpotentials and the kinetics are 
characterized by a Tafel slope of O.O^OV/decade and a first 
order dependence on 01^ concentration. Mechanisms arc 
proposed to explain the experimental results. 

I* Introduction 

Ruthenium oxide on a titanium substrate has found vide application 
in the clor-alkall industry as an electrocatalyst with low overpctentlal 
and long life for the anodic generation of CI2. Various workers have 
reported that RuO on Ti (l) as well as Ru metal and metal blacks (5?-**) 
have low anodic of overpotential in acid solutions. The present study 
has involved the examination of HuO^ on substrates such as Tl as a 
catalyst for the O2 electrode v principally In alkaline solutions. 

Bulk RUO2 had metallic like conductivity (5) as a result of the 
overlapping partially filled bands with a Pe.rnl energy close to the 
top of the filled tjg states (6). Cyclic voltammetry, electronic con- 
ductivity. and x-ray diffraction measurements, however, indicate 
substantial differences between single crystal RUO2 and the film pro- 
duced by thermal decomposition of RUCI3 in air or O2 on substrates such 
as Ti (l). The RuO surface films are most likely highly defect and 
non-stolchiometrlc.* In contact with aqueous solutions, the RuO surface 
film is expected to contain bound water as a result of proton penetra- 
tion into the oxide lattice. Kxdin ard Mortimer (7) have proposed that 
the RuO films on Ti behave as semiconductors (probably n-type) and that 
the semiconductor properties strongly influence the polarl ?.ation curves 
for CI2 generation > with a substantial portion of the potential drop 
across a space charge region within the RuO^^film. 


Present address; Department of Applied Chemistry, Pacalty of 
Engineering. Osaka University, Suita, Osaka, Japan. 
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Tht electroch««ieal studies of the RuO eoinlytt rororted in ihlt 
pnper havo involved tvo types of nessurensnf 0 : l) preliminary chsrsc- 
terisstion of ths estslyst usinB linear slow sweep voltaanetry without 
special precautions to control purity and 2) anodic and cathodic polar- 
isation Deasurements, essentially steady state with the rotating disk 
technique under much better controlled conditions « particularly with 
respect to the elimination of possible impurities. These electrochemi- 
cal measurement nave owcn complemented by X-ray photoelectron (ESCA) 
studios of the huOjf Catalyst beth before and after electrochemical 
treatment. The ESCA spectra yield information concerning the valency 
state as well as elemental composition of the catalyst. Although the 
slectrocheiaicol and ESCA studies of the EuO^ catalyst system have not 
yet been completed at the time of preparation of this paper, interest- 
ing features are already evident from the available data and are herein 
reported. 

XI. Experimental 

1. Preparation of electrode surfaces 

The RuOy films have been formed on titanium by a thermal decompo- 
sition method similar to that reported in the patent literature (8) for 
the DSA anodes used in the chlor-alkali industry* For the preliminary 
voltammetry measurements, flat Ti sheet (5 cm x 1 cm x O.l cm) was used 
for the substrate while 0*$ cm diameter Ti rod stock was used for the 
preparation of the rotating disk electrodes (in both instances 99*95^ 

Ti, supplied by Reseaurch Organics/Inorganics ) . After polishing the Ti 
with emery and thorough cleaning, including degreasing by refluxing in 
Isoproponal vapor, the surface was coated with a solution of reagent 
grade RuClo (Fisher) in 20? HCl. In the earlier work, sufficient con- 
centrated H 2 O 2 added to oxidize the ruthenium to Ru IV, but this 
addition was found to have no observable effect on the final catalyst 
and the H 2 O 2 addition was not made for the remainder of the work. 

In order to vary the catalyst loading on the electrode surface 
while maintaining an essentlaJJy constant preparative procedure, vary- 
ing amounts of the original solution (O.lM Ru) were diluted to the same 
voltune and this solution then applied to the substrate in six repetitive 
coatings or alternatively the number of coatings varied. After each 
coating, the solution was dried at a moderate temperature (110®C In a 
drying oven for 5 lain) and then placed in a preheated furnace at 350®C 
for 10 min. After the final coating, the tempore tore of the furnace 
was raised to 450°C for 1 hour. The catalyst loadings examined in the 
present work ranged from 10“9 to 10” 5 moles of Ru per cm^. 

The X-ray diffraction characteristics of this catalyst were 
examined and found to be essentially the same as reported by Pizzini 
et al . ( 21 ) for RuOx produced at 400-500®C. line breadth indicates a 
domain size of several hundred Angstroms* No change was detected in 
the X-ray diffraction before and after use as an electrode. 
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The diok electrodes were press fitted into a Teflon pounting which 
attached to the shaft of the rotating disk electrode assesbly. With 
the fist sheet electrodes, the geometric area exposed to the solution 
Was reduced to 1 cm x 1 cm on one side by using a vinyl copolymer resin 
lacquer^ to mask off the remainder of the electrode. 

An attempt was also made to examine the Og overpotential on ruth^ 
eniuffl me tel in alkaline solutions using both single crystal ruthenium 
(supplied by Research Organic/lnorganlc) and electrodeposited Hu in a Pt 
substrate. The single crystal measurements were carried out both on 
the basal plane 1 0001) and the general faces [KhlO] of the hexagonrl 
structures, using the masking lacquer to restrict the surface of the 
single crystal exposed to the electrolyte. I’ho electrodeposited RU 
was electroplated from a solution of (llH;^)2Ru(H20)Clr^ on to Ft wire at 
a current d^maity of 70 na/cm2 for 10 mlu using tha procedure of 
Galizzlole and Trasattl ( 9 ). 

refortunately, active dissociation of either type of motal elec* 
trodcs begins at 'Vl.S V vs. RKE*^ In the 4M KOH solutions with no 
indication of passivation In the slow sve^p >*oltammetry curves at more 
anodic potentials. On the basis of the color imparted to the solution 
near the electrode end the Pourbalx diagram (lO), the dissolution 
product appears to be RuOjj**^. 

2. Electrochemical cellc and procedures 

The rotating disk experiment was carried out in an all Teflon cell 
(11 ) consisting of a main compartment containing the working electrode 
and two separate compartments for the reference and counter electrodes, 
both of which were Pd-H in the form of Pd diaphragms supplied with Hg 
from the back side. The reference compoi'tment was connected to the main 
working electrode compartment by a Teflon Luggin capillary positioned 
at •; mm from the rotating disk electrode surface on the axis of rota- 
tion ^ The electrolyte in the m-ain compartment was usually saturated 
with purified Og gas (12), 

The maturity of the measurements have been carried out with KOH 
prepared from reagent grade KOH (Baker, 0.2^ coi'bonate) and triply dis- 
tilled water (second stage from alkaline permanganate). For the pH 
dependence studies different ratios of IM KOH and 0.5 M KgS0|^ were 
used. For the rotating disk experiments, the solutlons^Vere pre-elec- 
trolyzed in a separate Teflon coll between bright nickel electrodes 
(7 cm^ each) at a current density of 1 m/enfi for a minimum of 2h hr 
with agitation obtained using purified helium gas (l2). 

The measurements with the flat RuO^^/Ti electrodes were carried out 
in a cell with a Teflon cap without pre-electrolysis, using a 

^ Microshield Stop-Off Lacquer (Michigan Chrome and Chemical Co.) 

^ Unless otherwise indicated, all electrode potentials are expressed 
relative to a reversible hydrogen electrode (RHE) in the sane 
solution. 
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bright pXftiiatM counter eXeotrode end a gXett Luggin ceplXiery vlth 
eXectrochtnicelXy charged o-Pd-H aa the refercnoet From tiae to tiset 
the reference vaa checked agalnet a caXcttel or Hg-KgO reference. 

A Venking potentioetati a Xlnear aveep generator and Houaton 
recorder vere uaed to carnr out the eXecir;>cheadoaX fivaaureaente • The 
eaaent ^aXXy ateadp atate poXarlsation data vere obtained vith very alov 
voXtogo aveepa (X mV/aec) and In aoae inatancea aXao vlth point by point 
ateaaurenenta (e.g.t 3 nln per point) as a check. The IR drop correc<» 
tiora» needed at higher current deu8ltlea» vere deternlned using the 
current interrupter technique vlth a high pressure hydrogen* aiercur/- 
vetted reXay to interrupt the current. 

111. ReauXta 

X. EXectrochenlcai area 

The ion adsorption technique* deveXoped by Kozava (X3) has 
been uaed to obtain an eatinate of the ratio of true<*to’ apparent area 
for the RuOji on Ti electrodes. This method is preferred to the usual 
BET neaaureaenta since pores that nay not necessarily be eXectrochemi- 
ealXy accessible aay contribute to the BET areas. 

The Zn^ adsorption method is based on the concept that the Zn^^ 
vill ion exchange vith bound to surface 0”* releasing Into the 
solution. The assumption is made that the surface coverage vith Zn^ 
is near or at saturation and that the a* ea per Zn^'^ has a specific 
value. Kozava has demonctrateci the validity of the method for battery 
oxides such as HnOp vlth the adsorption measured by the decrease 
in Zn^^ concentration In a ZnClg-NHhCX solution and the area taken to 
be 17 Kr per adr^orbed 

In the present study * the Ion adsorption Vaii mesaured on the 
RuO]( coated flat titanium electrn<^^es by placing them in a O.^M NHi^Cl 
solution containing O.OO5M Zn"^*^ at a pU of 7.85. Overnight vaa aXloved 
for equilibrium and on aXloquote of the solution* then titrated vlth 
EDTA using Erlchrome Black T as the 

As a check on the question of vhether the Zn^'^ coverage vas close 
to the saturation value of the adsorption isotherm* the adsorption vas 
checked In 0.00^ ZnCl2 and O.OIOM ZnClg vith both solutions contain-' 
Ing 0.5M NHi^Cl at pH of 7*25 and the electrodes at an opcn.-circuit 
potential of 0.81 to 0^28 V vs. SC£. The adsorption vas the same 

vithln the reproducibility of the method (+, 10 %) • 

Using an area of 20 the ratio of true-to-apparent surface 

areas is typically 6O-8O for a catalyst loading of 1 x 10“5 moles Ru/ 
cm^ of geometry area. Using Krypton BET* Kuhn and Mortimer (7) found a 
ratio of 240 for their RuOjj or> Ti electrodes. While the technique used 
to prepare their electrodes Is similar to that In the present vork* 
their catalyst loading is not specified. Since more concentrated Ru 
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•oltttioim v«re us«<t by Kuhn and MortlMr for ooatlnc tbolr el«o- 

irodot» th« ihlcfcnitnt of th« RuO^ coatim«s on thair eXoctroden may volX 
bmYO baen aevarml fold graatar. 

2. VoXtaonatry curvaa for HuO^ 

lypioaX alow avaap voltasifflatry curvaa are shown in I'lgura 1 in 
ll2*aaturfited mXkaXln<^ and acid aoXutiona* Soma minor faaturaa of tha 
curvaa in tha voXtaga ranga 0.6 X«,0 V art asaociatad with tha O^/HgO^ 

aoupXa» Tha paak at H«3 V in tha alkaXina aoXutlon ia only tXightXy 
irravaraibla at tha tvaap rata of 50 This peak has also bean 

obarrvad with RuO^ on nickel* platinum.^ tind gold substratas* and hanca 
la not assoclatad with the eubatrate. This peak is much aupprassad or 
almost absent for mixed oxide layers of Hu ^ Ti as well as Ru a Ir and 
Ra a Pt* produced by tharmal decomposition on a Tl substrata (sea Fig. 2). 
Thus tha peak ia associated with tha RuO^. 

At slow avaap rates (o.g«* 10 mV/sec) this peak Is essentially ra-* 
vara^bla with tha anodic and cathodic peak potentials coinciding. The 
pack current is directly proportional to the evaap rate over the range 
examined (l to 300 mV/sec) and the charge under tha peak (subtracting 
the background) is independent of sweep rstw over this range. Tha 
estimated value for tha charge x 10"*3 C/etir (apparent area) rapra* 
sentad a vary small fraction of the total charge A^lC/cm^ required to 
chaisga the valency state of all the ruthenium in the coating by one 
oxidation state. Consequently* this peak probably corresponds to a 
change of the valency state of on3y surface Ru. For a true*to>apparent 
oraa ratio 50* the charge associated with this peak corresponds to 
olOOMC/cm^ of true area* which is reasonable for a change of surface 
ruthenium by one cha>*ge state. 

On the basis Of the yoltanmetry curves* it appears that the RuO^ 
can be reduced and reoxldlzed over a substantial range of potentials In 
both acid and alkalino solution. Ihe oxidation and reduction products 
appear to involve a single phase in view of having the voltammetry 
current density high over the vide potential range of the sweep rather 
than having the charge associated with a single voltammetry peak* even 
at very low sweep ratrs. After correction for the Poradalc currfTntB 
associated with Op and small amount of HgOg produced in the electrolyte, 
the shape of the voltammetry curves is eusontlally the same for sweep 
rates from 1 to JO mV/sec with the curreiit density approximately pro- 
portional to the sweep rate. The corres'ponding current density for 
uncoated Ti electrodes is a^ least ar order of magnitude less. The 
total charge associated with the area 'under the voltammetry curves In 
the cathodic or anodic sweeps between 0.1 and 1.4 V is approximately 
0.1 C/cm^ of apparent area for the electrodes with 1 x 10~5 moles Ru/ 
cm^* or approximately one-tenth of that required to change the valency 
state by one electron per Ru atom in the oxide coating. 

Kozava (l4) has reported that porous bulk hydrated RuOg can be 
reduced rather reversibly over an extended voltage range when mixed 


290 



vith c«rbon in both ttlkuUno mid Mid solutions • Ths roduction of tho 
porous anhydrous Ru 02 vao far loss rcvcrsibloi but this differones wgr 
bo assoc iatod uith tho d fold largor pori arta of tho hydra tod naterial.. 
Tho reduction of tho oxide vith tho roaetant and product in a slnslo 
oxido phnsc roquiros the introduction of protons into the oxide lattice. 
Xf tho proton aobiUty vithin tho oxide is low, tho rato of the reduc- 
tion an veil as oxidation of tho RuO soy bo proportional to tho surface 
area. 

*nto initial open-circuit voltage observed by Kosava starting vith 
near stoichiometric HuOa vas *0*^ V and V vs. RilE for the an!y- 
drous and h/drated materials, respectively. Even considering the 
question of the reversibility of these potential measuromenis , it 
appears likely that the O 2 evolution reset ion on on Ti occurs in a 
potential range vhere at least the surface Ru ions or the catalyst are 
In a hi^er valency state than 

A large cathodic' peak vas observed in the voltammetry our/es for 
the RuO on Ti electrodes in N 2 saturated KOK solutions in th< poten- 
tial raXge 0.6 to 0.9 V vhen the anodic Halt of the sveep vas extended 
beyond 1.4 V (see Fig. 3). Saturation of the solution uith O 2 rather 
than Uz increased this peak, llic potential range corresponds to that 
expected for O 2 reduction to H02* The assignment of this pfiak to the 
reduction of O 2 to peroxide vas confirmed by adding the K 2 O 2 to the 
solution and observing coaplementary cathodic and anodic peaks (see 
Fig. 4). Thus In alkaline solutions, O 2 reduction on RuO /Ti electrodes 
involves solution phase HO^ as an lnt(rrmediate. 

3. ESCA measurements 

A few preliminary ESCA spectra have been obtained for the RuO /Ti 
surfaces before and after electrochemical treatment at 1.45 V in 4fi 
KOH for up to 1 hr using a Varian IEE-15 spectrometer vith a modified 
high intensity X-ray source. The Instrumental line vidth vas controlled 
by the width of the A1 K radiation used to produce tho photoelec irons 
and vas 1 eV as measured oy the vidth at half maximum of tho Au 4f 
lines. Complications have been encountered because of peak Interfer- 
ences and limited resolution. The interference-free Ru 3ds#2 ^ 

binding energy of 280 eV for the RuO /Ti surface does not snow any 
appreciable shift following the electrochemical treatment at 1.45 V and 
thus tho valency state of most of the Ru in the oxide layer appears to 
remai: -unchanged. This evidence must be intorpretod with some caution^ 
since It. is possible that the oxide vas transformed to a high- 
er 1/1. .ivy state during the polarisation at 1.45 V but after loss of 
P >t^ntiRl control, during the subsequent rinsing and drying in air, vas 
,vs.;aced back by the Ti metal to the valency state prevailing before the 
r' ictrochemical treatment. Fui'ther work is planned to check on this 
possibility. 

4. Polar! za^tion measureraents vith the rotating disk electrode 

Fig* 5 *lnd; ates the log current density vs potential data ob- 
tained potentiostatlcally for a RuO VTI electrode with a very Blow 
sweep (1 mV/sec) in O 2 saturated 4Kn0H at a rotation rate of C 8 OO rpm. 
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*Ai« V)(/tter«si8 •vident in thU ty pe of plot le very pronounced at low 
current densltlee becnuce of the enall eurrente eesocieted vlth intrin- 
sic chengee in the oxidation state of the catalyst even at such slow 
sweep rates, tthe ano^e branch for 0] generation is free of hysteresis 
effects above $ x 10”3 A/cn^ (apparent area) and exhibits a Thfel slope 
of 0.0^0 V/deoade over at »ast 3 decades after IR drop correction. 
Measureaents in KOH-K2RO4 solutions of varying pH with constant ion 
concentration indicate a reaction order of 1.0 with re^f5'cct to OK* for 
the O2 generation reaction over the pH range 11 to 1^ (see Fig* 6). 

With the electrode stationary and control of the boundary layer by O2 
bubble evolutions 9 a limiting eurreut density has been observed in the 
KOH-K28O4 electrolytes • which is directly proportional to the OK* Ion 
concentration fr"3ia pH 10 to 1^» asounti*.? to ^0*0^ kfev? (apparent area) 
at pH 11*8. Above the liisitlng current a^noity, the discharge In from 
water with a Tafel slope of V).13 V/deeede» indicating a change In 
mechanism. 

Unfortunetely the stoichiometric nuaber cannot be obtained for the 
O2 generation reaction In the alkaline solutlona because of the inter- 
ference from the intrinsic electrochemistry of the RuD /Ti electrode 
surface at low .current densities near the reversible potential for the 
h-electron reaction. 

Th^<^ Tsfel slopes are independent of the catalyst loading over the 
ranges 10^^ to 10*5 mol«*s Ru/cm^ and the apparent exchange current den- 
sities are approximately proportional to the catalyst loading over this 
range (see Pig. 7)* Such a proportion is to be expected since the true- 
to-apparent area ratio is also approximately proportional to the catalyst 
looding. 

The current density passes through zero in the anodic sweep and in- 
creases very substantially cathodically during the cathodic sweep at 
approximately O.90 V as a consequence of the O2 - .lOj reaction. Tne 
dependence of the O2 reduction current density on rotation rate (f) at 
constant potential indicates that the O2 reduction is under conbined 
diffusion and Kinetic control (see Fig. 8). The linear relationship 
between 1/1 vo. 1//F .Indicates that the reduction is first order in the 
diffuf^ing reactant with the Intercept corresponding to the current den- 
sity with pure kinetic control and the slope only a function of the 
diffusion coefficient and bulk concentration of the diffusing reactant » 
according to the Levlch treatment (15). The slope changes with poten- 
tial » however^ according to Pig. 8. 


This can be explained in terms of the following two reduction 
processes: ^ 


React icn 1; 

O 2 ♦ H 2 O ♦ 2e" 

— HOI HO* 

(1) 

Reaction 2: 

HO 2 ♦ H 2 O + 2e* 

— ^ 3H0" 

(2) 
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At pottntlftlt •qiMl to and aoro cathodle than 0.60 V, tba back raaetiono 
lOr both proettaoa ara DafUglbla eoaparad to tht forward raaetiona fOr 
tha eondltloiia pravaUlng in tha praaant aacpariaanta. Uhdar thaaa cir- 
euaataneaa» aaaualBc first ordar hlnatlos In 0] and K0| for raaetiona 
1 and ra>paetivaly« tha cathodic currant density can ba ajcprassad as 

. . 1 [ ^4*^ I ,3, 


■ **1 ®Oj 


& {i|-)a “ ^9 


(W.b) 


^Oa ^ ^Soi eoneantrations and and the first ordar 

potantiaWapaadant rata constants. Tha quant itlas (i^)« and (i^)^ 
tha diffusion liaiting currant dansitlas for tha indapaniant reduction 
of Oa and KOat raspactivalyi and ara ralatad to tha diffusion coaffi* 
oiants 0^ and D,^- and tha Narnst diffusion layer thieknass 6 by the 
aquation¥> 

<‘«'i • » "><>, V* 

and 

Where F is the Faradsy. 

For the aeasureaents represented on Fig. 8| the only bttlk HOa pres- 
ent is that produced by O 2 reduction during the aeasmrements . Conse- 
quantly and (i.)^ should be very saall compared 

f ik • resect ively . Therefore , 

, I I « - (y) 

nfi; * nfe 71^7 ♦ nji: 

in the first factor on the right hand side of eq, (3)« and 




1 1 


As the cathodic overpotential for O 2 reductiou increases » (iulg 
will become larger because of the potential dependence of k^ while 
(i^)g is independent of potential. Therefore, consider the following 


smj,‘ 


(i,j)g « (1^)2* B4. (6) bteoMi 


vh«r« r itt th« rotation rato and B it glvon by Novman (I6) at 


B ■ 8^ Av^^*C5 t0.68l 8“®^f/(l*0.898 8"^^^ ♦ 0.X45 8“*^^)J (10) 

idiore f it tht rotation rato in rpt, A it tho eloetrodo aroa> v it tho 
kinenatie viteotity, and 8 it tho Schmidt nunbor overall 

O2 reduction current it then entirely controlled by ReacvXon 1 vith 
combined kinetic end 0;; diffution control. Ihit appeart to be the titu 
ation for the O.80 V curve in Fig. 8. ®ie tlope it 12 ma cmT^ (i«pt 
at compared with a value of 11.9 «a cn*^ (rpt)*^/2 obtained from the 
limiting current dentity vt. rotation rate data reported by Yeager 
et al . U7) for Op reduction on pyrolytic graphite rotating ditk elcc- 
troder in hM KOH at under condltiont vhere the reduction proceedt 
quantitatively .to only the peroxide. 


Case li t ^^d^2* yi®^8e 

i* 2nJj7*8njT7"i^*8niT7 

Thue« ao the potential becomes more cathodic • the slope should approach 
1/2 of the value at less cathodic potentials vhere Case I is applicable. 
Further » the Intercept corresponds to only 1/2 of l/(i. ),. The slope 
does decrease as the potential becomes more cathodic in rig. 8 as pre- 
dicted by eq. (ll). The intercept 1/i has also approached 1/2 of the 
value at 0.8 V. This is somevhat surprising sincct if (i^)% had the 
usual exponential dependence on potential, the value voula nave been 
expected to be several orders of magnitude higher than the value at 
0.8 V and hence the 1/i intercept to have been effectively sero for 
the plot in Fig. 6. This then implies that the Og reduction has a 
kinetic limiting current density and therefore that the reduction 
proceeds through a multiple step mechanism, one of idilch Is potential 
insensitive and becomes rate controlling at higher overpotentials. 

A similar situation ha® been encounter<M for O2 reduction on carbon 
and graphite* (12). 


The change in slope in Fig. 5 can also be explained with a parallel 
rather than series mechanism Involving the Ue reduction; l._e._ . 


Reaction 1: 

O 2 ♦ HgO + 8o" KOg ♦ HO" 

(18) 

Reaction 3: 

Og ♦ 8HgO ♦ 4." —2 a 4hO" 

(13) 
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RMCtion 1 vouXd ne«d to be predominant at 0*8 V and Reaction 3 at 0.5 V. 
farther to explain the fhllwe of the l/i intercept to be far enaUer at 
0*5 V than at 0*6 Vt it ie afain neeeaaary to invoXye some relatively 
potential inaenaitive atep aa beconinc rate controlling for both Reae«» 
tiona 1 and 3 rather than Juat Reaction 1. 

Since the O 2 reduction involvea the fcrnatlon of NO 2 in alicaline 
aolutiona on the RuO /Ti electrode, the rotating ring-diek method is 
needed to character! xe the mechanism and kinetico* This technique will 
be used for the on-going research on this system. 

IV. Discussion 

Since the cathodic and anodic branches for the oxygen electrochem- 
istry on RuOVTI in alkaline solutions are distinctly different, the 
results for ehch vlll be discussed separately. 

X . Cathodic branch 

The parallel and aeries reaction schemer represented by eqs^ (11-13) 
can be considered as part of the overall scheme shown in fig. 9 for al- 
kaline solutions. The difference between the series and parallel mech- 
anisms then is Just a matter of the reversibility of the adsorption- 
desorption of K0| (' tep C). If thia step is very irreversible, then the 
parallel scheme is the more appropriate representation. 

The l^e overall reducatiou of O 2 may also proceed by a parallel 
reaction which does not involve a peroxide species on the surface. In 
view of the strength of tho 0-0 interaction in 02, this seems rather 
unlikely. 

The assuB^tion has been made in Fig* 9 that the O 2 must be first 
adsorbed on the electrode prior to the first electron step but the 
adsorption may be electrochemical; 1 ,e . simultaneous adsorption- 
electron transfer: 

O 2 ♦ e“ — ^OjCads) (!*♦) 

or 

O 2 ♦ HOH ♦ e- — ^HOa(ads) + HO* (15) 

A separate O 2 adsorption step, preceding the first electron transfer 
step, however, provides a convenient potential insensitive step to ex- 
plain the minor dependence of the Intercept l/i on potential In Fig. 8. 
The possible reduction of O 2 and HO 2 without adsorption at a position 
equivalent to the outer Helmholtz plane has not been Included in Fig* 9 
on the basis that strong Irteractlon is required with the electrode 
surface for the electron transfers to proceed at a resonable rate. 

2. Anodic branch 

Several of the reaction paths for O 2 generation tabulated by Dam- 
Janovic (i8 ) for acid solutions can have Tafel slopes corresponding to 
dV/d In 1 « 2RT/3F or 0.0^40 V/decade when modified to a form suitable 
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tor alkaline •oiutlona. Ail havt the cowioii feature that the rate eon* 
troXIinf step le a second electron rather than first electron transfer. 
With Judicious choice of H2O vs* OH** as the reactant in the first and 
second electron transfer steps or proceeding proton transfer stepi^t it 
is possible to have the kinetics also first order in OIT. 


With electrode surfaces involving species with ionic eharactert the 
authors prefer to write the aechanisa in such a way as to Indicate the 
possibility of changes in the effective volency state of the catalyst 
sites. A simple SM^cbanlsa coiipatlble with the observed Tafel slope and 
reaction order is as follows: 
k^ 


§£££-&> 


S* ♦ 


or 


^ (SOH)* ♦ •“ (fast) 


(16) 


Step b : 


( 80 H)* 


(SOH)**^ ♦ «" (.low) 


(17) 


followed by subsequent processec yielding finally O2 and regeneiating 
the site 8 ^*^ for exaaple* 


Step c : 


{soH)**i or 
♦ • 
(soH)*^i or 


8 - 0-H- 
I 

8- 6-H- 


•OK 

m 

•or 


8* 0 MOH 

♦ I ♦ 

8* 0 HOH 


(18) 


Th. .ite. we probably Ru^'* but also would be hl^er valency state Ru 
ions or Ti ions* Ihere sites are undoubtedly hydrated although the 
waters of hydration are not sho%m in the mechanism. With the 8tep b 
rate controlling* negligible back reactions and the coverage of (SOH)^ 
and (SOH}^'^^ low* the current density is 


1 •* 


KK 

Up • 0 • 


(1^02 )FE 


exp- 


RT 


(19) 


where £ is the electrode p(Ptential against an arbitrary pH insensitive 
reference electrode } k * k^ * and k. are the rate constants fo>^ Cteps a 
and b at £ * 0; and 02^18 tfte transfer coefficient for Step b. For the 
usual value of $2 * Tafel slope then Is (2RT/3F) (2.30) or 

O.OUO V/decade with i first ordei* in C_-. If Step b is followed by 
the reaction indicated by Step c* then^xhe stoichiometric mioiber should 
be 2. Unfortunately the stoichiometric number is not known experi- 
mentally. 

In Step a* the site S is a Ru ion of the oxide lattice. Step a in- 
volves the oxidation of the Ru to a higher veaeney state with partial 
transfer of electron charge from the OH species to Ru forming a (RuOH)* 
complex. Such a process should require much less energy than the forma- 
tion of an OH free radical or a rather veaUy fadsorbed OH radical. Step 
b involves the fur|her oxidation to RuOH)^ ^* possibly followed by the 
formation of (RuO) before proceeding with Step c. The RuO /Ti elec- 
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trod« iiurfAce miijf li4V« aotte of th« aim ftaiurat «• the IRtt(ini3)50llu* 
(llU|)itORtt(HH|)S^ ion» reportad by EarXay and Raaavl (X9»^) to Avidlxa 
OH* HoaogmiaoutXy to tern 02* apeoiea hava tha struotura Ru-0- 

Hti*0-Ru^^. RarXoy and Haxavl hava pointed out that Ru has a tendency 
to form apeciea of coordination number 7 arid that there are Xov Xying 
antibondlnn orbitaXa which can accept eXcctron charge from OK**, Thus 
the (RuOH)^ InterBcdlate (other apeciea in the inner coordination 
aphere not ahovn) aeons reasonable. 
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rOTCMflM. «• IV) 


Vl«. X» cyclic voltcicjrca tor Mm on Tl ciiictroto 
la k* •ntui«tc4 It (celld curve) cad 9 H HCXOU 

*dotiod curve), dveep retet ^OaV/coci catalyct lecd* 
lalO-9 aclcc Itu/ea^) icif • ^ 92*G, 


BULK SOLUTION 


eiecTROoe surface 



fig. 9* SiEpllfivd rcprcientfttioA of forict end 
perellcl Mchnai»» involving peroxide. 











i»E» ChMistry tliiiv«rsifty of Ottovot 

Ccttl4 rroftooor Yoogor cooooci furfchor on tho oigni- 
ficonen of tlio brood rogion of tho onodic/cothodic curronk* 
potontlol profilo for hio EuOg oloctrodo ovor potontloio 
noro eothodic thou eo. O.PVT ioyond thio* o onoil pooh 
oppooro in tho on^^lic ond eothodic curvoo ohich ho ottri* 
hutod to oxidotion of Ru to highor ototoo but noot of the 
ehorgo io oooocioted with tho brood region* lo tho oCfoct 
oooociotod with chorging o highly porouo oloctrodo ourfoeoT 
It io knovn thot connoreiolly proporod RuOg DSA oloctrodos 


g» Yoooor * Doportnont of Choniotry» Coco Hootorn Rooorvo 
Univoroity: 

Tho ehorgo under tho voltonnotry curve ovor tho rongt!^ 
O.IV to 1.4V for tho RuDx/Ti oloctrodo oppooro too lorgo 
to oxploin on Juot tho booio of high ourfoco oroo* For 
oxonplop for RuOx/Tl oloctrodoo with o cotolyot looding of 
lO"*^ noloo Ru/cm^ (opporont oroo) tho ehorgo from intogro- 
tion of tho voltonnotry curve over thio voltogo rongo io 
0*1 C/en^ (opporont oroo)» whilo tho rotio of truo^to^ 
opporont oroo io typlcolly 60 to 80 using tho Zn^*^ odsorp* 
tion nothod* If this ehorgo wore entirely ossociotod with 
tho ourfoeo* this would be oquivolont to *^1000 |iC/en^ 

(true oroo ) 9 which io too high by oinost on order of nag- 
nltudo. While sono doubt noy exist os to tho oeeurocy of 
tho absolute oleetroohonieal ores values fron the Zn^^ 
adsorptiiin moasurementot it is doubtful if they sro off by 
a sufficient onount to explain such a discrepancy. 

Tho total charge under the voltammetry curvot howeveri 
only anounts to one tenth of that required to change the 
valency state of the Ru by one oleetron/Ru aton. We 
propose that this charge occurs principally in the bulk of 
the oxide and io accompanied by proton penetration fron 
the electrolyte into the oxide to compensate charge with 
no phase change in the, oxide. 

The charge under the small peak at 1.3V in tho 
voltammetry curves does seem reasonable for a change in 
the valency state of Juct surface Ru. 
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ioo4m ^ CtlROt Division of Minornl Choniotryt 

1 woo iotorootod to not# thnt yoo oxylnino^ tho 
voltannosrnn for RnO^ in tornn of ntoichionotry chnrgon. 

Wo hovo found 0 froon irridiun oloctrodo to bohovo in o 
oinilor iionnor to othor noblo notoio but voltonnotric 
curront yooko grow on continuous cycling and givs a charga 
uy to dOo/bars natal oits« Wa tiavo axylainad this bahvior 
in tarns of stoichionatry changss in an oxids syacias 
f^rnad Irravsrsibly on cycling. 


B. Ysagar» Chsnlstry Dayartnant* Cass tfsstsrn Basarvs 
Univsrsity 


Wo axylain tho yask in tho voltannstry curva in 
alkalina solutions in tarns of a changa in tha valancy 
stata of tha ruthanlun at tha surfaea but attributa tha 
charga under tha ranaindar of tha voltannatry curvas to a 
changa In tha bulk valancy stata » as Indicatad in tha 
nanuscriyt. The total charga is just too largo (a.g.» 

0.1 cottlonbo/cn^ of ayyarant alactroda araa) to attributa 
only to aurfaca ruthanlnnt taking into account tha naasurad 
araa factor of ^*30 for thasa alactrodas. 

Tha cyclic voltannatry curvas ara invariant ovar a 
largo nunbur of cyclas» indicating no ayyraciabla yrogras- 
Siva changes in tha oxida layer with layars containing a.g*» 
10~^ nolas Ru/ea? (ayyarant alactroda araa). 


t9?y All rl0h$M 


ftcpnnicd from 
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THEORY OF CHARGE TRANSFER ♦ 2609 
AT ELECTROCHEMICAL INTERFACES 


K. K. Sen, E, Yeager, mul W. E. OVmly 

Chemiitry Dcparlmeni, Case Western Reserve University, Cleveland, Ohio 44106 

INTRODUCTION 

The theory of chari;e transfer is central to a molecular level understanding of 
electrode processes. Since the 1964 review of this topic by Marcus (1) in the Amiual 
Rcl'/elvr^/’/t)^sfco/C%mfvrry»cons progress has been made in understanding 
the mechanism of the elementary act of both electron and proton charge transfer. 
Much of the theoretical eflbrt in the last decade has been made by the Levich, 
Dogonadze, and Kuznetsov (LDK) and the Bockris-Conway schools. The 
approaches followed by these two groups are quite din'erent and, in fact, represent 
two opposite poles. The former group has stressed the importance of solvent 
polarization fluctuations, whereas the latter group, following a more traditional 
approach, has emphasize the bond stretching contrii ution to the activation 
process. Several review articles have recently been published by both groups, 
desciibing their own points of view (2-5)» This review attempts to present an 
overview. Principally, the work carried out subsequent to Marcus* (1) article is 
reviewed.' Electrode processes on metals only are considered,alt hough these tlieories 
are also applicable with minor modiftcation to clectrcde procc>sses on semi* 
conductors [see e.g. Myarnlin A Pleskov (6) and Gerischer (7)] and oxide-covered 
electrodes [see e.g. Schultze & Vetter (8, 9)]. 

HISTORICAL BACKGROUND 

Gurdey (10) in 1931 suggested that heterogeneous electron transfer reactions can 
be considered as tunneling of electrons between the electrode and a solution phase 
species through a potential barrier at the metal-electrolyte interface, whose height 
depends on the interaction between the reactant and the electrode surface. The 
reaction considered by Gurney was the discharge of a proton at the interface. The 
importance of taking into consideration the Franck-Condon principle in the electron 
transfer accompanying this proton discharge hud been pointed out by Fowler (II) in 
1934. Horiuti & Polanyi (12) developed a theory for the discharge step of the 
hydrogen electrode reaction within the firamework of the activated complex theory, 

* An attempt has been made to incorporate the published rcs<*arch through the end of 
1974. 
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uxing the concepts nircady tuipesled by fSurncy (10). The potential energy barrier 
Ibr the reaction in this model it generated by ;he gradual stretching of the O-H 
boiaf in ll«0^ or II jO. The hydrogen discharge step can then proceed by thermal 
activation over the barrier or by proton tunneling. This approach to the calculation 
of the activation barrier for the hydrogen discharge reaction has been forther 
developed in more recent years by Christov (1 3- IS), Salomon A Conway (16), and 
Bockris and his co>workcrs (4). Based on the concepts of activated complex 
theory, similar approaches for outer sphere electron transfer reactions have been 
developed by Marcus, Zwolinski A Eyring (17, 18) and also by Sachcr A Laidler 
(19, 20). ThcM approaches treat tlie solution as a static dielectric and represent one 
pole in the controversy concerning the theoretical aspects of charge transfer reaction. 

The other pole emerged from a suggestion by Libby (21) in 1952 that for 
homogeneous outer sphere electron transfer reactions, a considerable part of the 
activation barrier arises from nenequilibrium solvent polarization fluctuations, 
Platzman A Franck (22) essentially used the same idea to describe homogeneous* 
charge transfer reactions within the framework of radiationless transition theory. 
These workers described the charge transfer processes in solution in terms of the 
polaron concept, originally developed for polar crystals by Pekar (23) and extended 
to polar solvents by Davydov (24). Using essentially the same model, Marcus (I, 
25-28), Hush (29-31). and the LDK group (32- 36) have made extensive quantitative 
calculations for both the outer sphere homogeneous electron transfer process and the 
corresponding reactions at metal electrodes. In their earlier papers, Marcus and 
LDK assumed that the metal ion with its inner coordination sphere can be treated 
as a conducting sphere v ith all the activation barrier associated with solvent 
polarization fluctuation. Marcus (25-28) dcvclo|>ed the model using a classical 
s'atistical mechanical description of the solvent, w hereas the LDK group developed 
a quantum statistical mechanical description (32- 36). Various authors (18, 19), 
including Marcus (I, 28), pointed out tliat the neglect of bond stretching con* 
Iributions from the inner sphere may be serious, and Marcus (28, 37) and Hush 
(29-31) have taken this into account. The LDK group (3, 38), on the other hand, 
has omitted the inner sphere contributions on the ground that the vibrational 
modes of the Inner sphere have ho '»kT, and consequently these bonds require 
multiple phonon interactions involving (Ur too many phe tons to have a reasonable 
probability of being excited. This reasoning, however, has been questioned by Bockris 
and his co-workers (see c.g. 5. 

Recently Schmidt (40, 41) i . Schmk'kiur A Vielsiich (42, 43) have further 
developed the solvent lluciuuti.; > . lodel, the former by presenting a more generalized 
nonrquilibrium statistical mechanical picture and the latter by considering more 
specifically the cITect of the inner coordination sphere. 

OUTER SPHERE ELECTRON TRANSFER REACTIONS 
The Marcus Treatment and Related Approaches 

Marcus (I, 25-28, 37) usc.'i a general classical statistical mechanical approach with 
the rate constant given by 
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* •» nX:t%p^iAaVRT) I 

where k h the electron tran$mi!&sion coefficient in the uctiveted »tite« % b the 
collision number for llie reaction, and AO^ is thc^ free energy of activation. For the 
homogeneous case Marcus takes 2T » 2.5x 10'' and for the liclero- 
geneous case lO'^cniscc'''. The free energy of activation imludes the 
following contributing terms 

AC* AGl4^ACj fAC/4 ACJ 2. 

where AGj lud AG} are the reorganizational free eiK*rg> contributions from the 
outer and inner solvation spheres, AGl is the work term associated with bringing 
tite reacting ions together or to the electrode surface, and AGj corresponds to an 
entropy term associated with any change in the electronic multiplicities in the initial 
and final states. 

Marc js assumes tlic electron transfer proci*ss to he only moderately adiabatic - to 
the extent that the transmission coefficient x is approximately unity but not so 
stroiigly adiabatic that the activated state has appreciable resonance stabilisation, 
Marcus usi*s nonequilibriuin dielectric polarization theory involving continuum 
concepts to calculate AGj. 7 he term AG} is expressed in terms of tlw vibrational 
contributions of the inner salvation sphere to the partition function of the activated 
complex uftd the corresponding zero-point energies. The principal configurationat 
changes in the inner splief e are the changes in bond lengths from the inner sphere 
solvent motecales to the central ion, and therefore AG} is approximately equal to the 
diflcrcncc of tl;e zero-point energy of the breathing nu^c in the activated and 
initial slates, This dilTcrence can be estimated from the force constants for the 
breathing mode of the inner spficre in the initial and hnal states, as has been done 
by Marcus (37) and Sutin (44). or from the potential energy functions for the initial 
and hnal states (sec c.g, 29, 45). 

For electrode reaetiuns involving metals, Marcus assumes thui tlie electronic 
energy levels of the metal contributing to the reaction are confined to within ±kT 
of the Fermi level. He then considers the distribution of activated complexes 
corresponding to radiationless electron transfer to or from various electronic energy 
levels in the metal to be equivalent to a single activated complex corresponding to 
the Fermi level, Contributions to AC} arising from the action of the image forces 
in the metal on the solvent polarization arc also taken into account. 

One of the more important outcomes of the Marcus treatment is the retuiionship 
between the heterogeneous electron transfer rate constant k^\ and :hc homogeneous 
homonuclear electron exchange rate constant k,. When the electrostatic work 
terms arc low or corrections are applied for them 

(kii/kj = « constant 3, 

The Marcus treatmem also predicts a transfer coefficient of // » 0,5 for heterogeneous 
outer sphere electron transfer at relatively low and moderate ovcrpotcntials, with 
deviations from this value at high overpotentials. 

The various assumptions involved in the Marcus treatment impose significant 
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limitulions* The cilitmilion of inner ephere contributions by Marcus in the cf.'^ssical 
limit, considering only symmetric breathing mtdes, is probably a substantial 
oversimplification. In recent years, however, eflforts by several authors (43, 47) to 
consider tlie inner sphere quantum mechanically unfortunately have met with only 
limited success. Particularly questionable is the separation of the reorganixational 
contributions into inner and outer solvation spliere values, with one handled in 
te/ms of discrete vibrational states and the other with dielectric continuum theory. 
Sachcr & Laidler (19. 20) have avoided this rather arbitrary division of the inner- 
outer solvation contributions by considering changes in the total solvation energy 
as the radius of the inner coordination sphere changes, but this approach involves 
continuum concepts. 

The collision number in the Marcus treatment of both the homogeneous and 
heterogeneous electron transfers has been estimated rather crudely. More refined, 
estimates are available for the homogeneous case in the literature relating to second 
order dilfusion-controlled reactions (see e.g. 48). 

The assumption of negligible resonance stabilisation in the activated state limits 
the Marcus treatment to redox systems in which the interaction between the 
reacting ions and electrode is weak. In contrast, Hush (29) has assumed that the 
resonance stabili^ition issufficient lor the transferred electron to become delocati/ed 
and distributed between the reacting ions in the homogeneous case or between the ^ 
reacting ion and the electrode in the tieicrogeneous case. Hush then considers the | 
fraction of the electron charge transferred to or from the reacting ions or electrode. ' 
The Marcus treatment is probably more appropriate for outer sphere electron ; 
transfer electrode reactions in which the reacting central ion is separated from | 
the electrode surface by Its own inner coordination sphere as well as by a layer of 
adsorbed solvent molecules on the electrode surface. In instances where the reacting 
ion is speciflealiy adsorbed, even with its inner coordination spfiere intact, the | 
Hush approach may become more appropriate. UmJer such circumstances, however* j 
a bridge mechanism may need to be considered. 

The Leviclu Dogonadze, and Kuznetsov (LDK) Approach 

In their initial publications (32. 33. 35). Levich. Dogonadze. and Kuznetsov con- i 
sidered the reacting ion with its inner coordination sphere as a frozen system, which 
does not contriut»rc in any way to the activation process. The potential energy of the 
electron in this frozen system. howevcV. depends on the polarization of the solvent 
near the ion. Since the molecules of the solvent are in continuous &r rmal movement, 
tiic polarization Pot the/;olvent surrounding the ion fluctuates with time until a state ' 
of polarization is reached where a radiationless electron transfer can take place ' 
between the ion and electrode by tunneling. After the electron transfer, the 
polarization of the solvent surrounding the ion is the same as the polarization I 
prior to the transfer and then decays as the system reverts to the equilibrium | 
polarization of the final state. 

The electrode reduction current is written by LDK in the general form 

C(x)n(e)p(€)[V{e,x)dedx 4. | 
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where C(x) is the concenlnthm of reacting ions at a disiance x from the electrode 
surface, h(cI is the Feinii distribution function, and is the electron density of 
states in the metal. IFfe, x| is the transition probability of the system to pass from 
the initial io< the final stales. LDK assume that the elwtron transfer probability is 
highest when the reacting fam is at a distance Ao from the electrode surfaoi* Thi' 
integral over x can then be removed and equation 4 becomes 

i » eC(Xol J n(i;)p(i;)tF(c, xs|de 5. 

According to first order perturbation theory, the transition probability of the 
system from the initial slate I in the nth level to the final statc/is 

« *7 1. 1 & 

where V k Ihe pcriurbalion operator, S k the Dirac delti function, and and 
are wavefunclions of the final hUMg in the level ;i and the Initial state in the 
level m, with corresponding energies of £/„ and The Franck -Condon principle 

is assumed to apply to this system. Further, by using the Born-Oppenhclmer 
approximation to separate the electronic and heavy particle wavefunettons and the 
Condon approximation, which argues the gradual monotonicity of the electronic 
matrix element, equation 6 can be written as 

= (j'je I, I Ji|*>.(«|4»„(fl)d#t|%(£*,-£,.) 7. 

where L is the electronic matrix element given as 

f- ® 1 j */«(»■. K)tV.tm(r> A)df|* 7a. 

where x k the electronic wavefunciion, r is the electron coordinate, R is the inter- 
reactant coordinate, is the solvent wavcfimction, and q k the solvent normal 
coordinate. The thermally averaged transition probability IF inequation 5 involves 
a statistical averaging over all initial states and is given as 

w = lmPK)W^. 8 . 

where pfO is the Gibbs distribution function. 

The Mamiltonian of the heavy particle system needed to solve Ihe solvent matrix 
clement in equation 7 is written by LDK as 

r«i(r/) 9. 

where is the solvent Hamiltonian and is the energy of the electronic 
subsystem, which depends on the solvent coordinates. The LDK treatment considers 
the solvent to be a dielectric continuum, in which thermal fluctuations produce a 
set of standing polarization waves whose frequency spectrum can be approximated 
by a single characteristic angular frequency oJo* LDK take the value of r/>o to be 
10*^ rad/sec for water, corresponding to the Debye dielectric relaxation frequency. 
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Thi» model yields ■ Hamiltonian identical with the Landau-Pckar Hamiltonian 
obtained for polarons in crystals 



where are the dimensionless normal coordinates of the solvent oscillator. 

It is further assumed (2) that the change in energy of the electronic subsystem, 
due to changes in the solvent coordinates, is a linear function of the displacement. 
i.e. 

where is the equilibrium solvent coordinate. From equations 10 and 1 1 the 
complete Hamiltonian for the heavy particle subsystem can be obtained. 

Using harmonic oscillator wavefunctions, the thermally averaged transition 
probability is then solved with the help of Feyman calculus (SO) to yield 


where hf is a Bessel functiot. of Mth order* and 


lU 

M »» 

I2a. 

2 = icOSCCh(|-^)l.[(tf)<-(«?)/]^ 

12b. 

where and J/ are the equilibrium energies* and (r/f h and iq^)j are the equilibrium 
solvent coordinates of the initial and final states* respectively. 

The general solution can be simplified for two limiting cases. In the high 
temperature limit* i.e. kT » tkoo, equation 12 reduces to 


13. 

where is the solvent reorganization energy and is given by 



13a. 


The physical process involved in the high temperature case is shown in Figure \A, 
where the energy^;%olvent coordinate profile is schematically presented. Here, the 
energy of the initial system changes due to solvent polarization fluctuations until the 
solvent configuration attains the coordinate At this point a radiationless electron 
transfer occurs. Su bsequenlly the polarization fluctuation decays to produce the final 
state in the equilibrium configuration. 

On the other hand* in the low temperature limit* i.e. kT « Ihoq, equation 12 
reduces to 
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I'hc physical process involved in this case is shown in Figure 10* This situation 
involves a quantum mechanical tunnel transition from tlie initial state to the 
equilibrium configuration of the final state. 

Using tlie transition probability obtained for the high temperature limit in 
equation 5 and integrating gives the exchange current density 



where p is an effective density of states, is the reversible electrode potential, 
and /lis the transfer coefficient* 

The description of the solvent polarization waves and the consideration of only a 
single effective frequency r/>o in the early papers of the LDK group (33-36) are at 
best only a coarse approximation. Even within this simplified model, Schmickler 6 l 
Vielstich (42) have questioned the appropriateness of using a value for coq cor- 



q; q* q; q 



q; q’q* q; q 


Figure I Outer sphere electron transfer according to the LDK model. ^ : High temperature 
behavior ifkOo«kTl 0: Low temperature behavior (fe/>o » AT). Ordinate: energy of 
electron; abscissa: generalized solvent polarization coordinate (2). 
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rcspoikling to the Debye dielectric relaxation frequency and have pointed out thaf 
cuo probibly changes appieciabty in the % icinity of the ions. 

Recently Dogonadxe et al (3, 50 S2) have made a sustained effort to refine the 
solvent m^el and have now taken into account both local contributions (single 
dipole performing oriemational vibrations at a limiting frequency tOo) and iiontocat 
contributions (interactions of polarisation at different points in space) to the potential' 
energy of the solvent. The latter effect is considered in terms of space correlation 
functions of the dipole moments of solvent molecules. The Hamiltonian obtained 
from this model accounts for dispersion eflects in both frequency and momentum 
space and has the general form I 



where cadk) is complex and has a spectrum of values depending on the correlation 
furctions. Vorotyntsev ct al (53, 54) have solved for the transition probability for 
an electron transfer process, using the Hamiltonian given in equation t<k without ; 
taking into consideration any contribution from the inner coordination sphere. Up 
to the time of preparation of this review, no rigorous test of this modified solvent 
model has been published. Dogonad^e and co-workers (52), however, have used it 
to estimate the solvation energy of alkali metal cations with reasonable success. 

The LDK treatment does not include any contribution from the inner solvent 
sphere. Schii^ickler & Vielstich (42), Kestner ct al (47), Hale (64), and Bockris et 
al (5, 39) have recently pointed out the importance of taking such effects into 
account. This has been done in rhe Marcus treatment (1, 37). Dogonadze (3) and 
Vorotyntsev ct al (55-57), however, still continue to advocate the view thrt the 
degrees of frewMom for which tno »kT take part only in the transfer process in a ! 
quantum mechanical sense (tunneling) and their eflbcts are manifested in only the ' 
pre-exponential factor, whereas degrees of freedom with fio> « kT take part in the 
activation process Since most of the stretching frequencies in the inner solvent | 
sphere have iko » kT, they do not contribute to the activation process according 
to these authors. Dogonadze & Kuznetsov (58) have considered the effect of inner | 
sphere degrees of freedom with kni^kT and have shown that the transition 
probability H^/ is decreased by a factor that depends on the frequencies and normal 
coordinates of the inner coordination sphere modes. | 

{ 

Other Treatments I 

I 

Three different groups, namely Schmickler & Vielstich (42, 43), Kestner, Logan & 
Jortner (47), and Schmidt (40, 41, 46), have examined the theory of outer sphere 
electron transfer reactions, using essentially the LDK model. Ditfcrent formalisms 
have been attempted and improvements in the original model have been made. i 

THE SCHMICKLER-VIELSTICH APPROACH Schmicklcr & Vielstich (42, 43) have 
examined the LDK model in some detail. Using the same model and an analogous 
approach, they obtained expressions for the transition probability which were 
identical with the original Levich-Dogonadze (35) expression for the high ; 
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icmperRiure limit but difTercnt for ilic low temperature approximation. Schmkit (591 
investigated tliisdiscrci^ancy and lias stiown that the Schmickler«Vielstich results (42| 
are in error because tliey neglected to consider the quantum mechanical non* 
commutivity of tlie solvent system Hamiltonians for the initial and final states. 
Although both Schmickler A Vielstich (42) and Lcvich A Dogonadze (32) started 
from the same formal expression, the latter authors make subsequent use of the 
Feynman calculus (49). which recognizes this commutation problein. 

Schmickler (43) also has tried to improve the original LDK model by incorporat- 
ing inner coordination sphere contributions. The total heavy particle system 
Hamiltonian in this case is written as 

^l^in + .jfuyi 17. 


where Jfout i^» the Hamiltonian without any inner sphere effects and is identical 
with that used by Levich A Dogonadze (32). The Hamiltonian for the inner 
sphere is expressed as 


^kn 



■yw,**?) 


18. 


where the sum is taken over all normal modes /i of the inner sphere; „ s „ and 
are frequencies, normal coordinates, and reduced masses of the normal modes. 
Only symmetrical breathing modes are comidered in the final calculation. 

First order perturbation theory is then used to calculate the transition probability 
and subsequently the e\change curicnt. No analytical solutions are obtained, but 
computer calculations show that the influence of the inner :oordination sphere 
lowers the exchange current by a factor of tw o to three. Just how reliable this (factor 
may be, however, is open to question because this treatment also includes the non- 
commutation error pointed out by Schmidt (59) in the Schinickler-Viclstich paper 
(42). 


THE KESTNER. LOGAN, AND JORTNER iKU) APPROACH The KLJ approach (47) 
is more or less an extension of (he LDK treatment. Although KLJ have limited 
their calculations so far to homogeneous electron transfer, the salient features of 
their approach can be projected to the heterogeneous reaction. They consider both 
the initial and final states consisting of the reacting species and the solvent to be in 
their ground electronic and vibronic states. The electron transfer proc*ess is then 
visualized as the irreversible decay of the initial states into the manifold of the final 
states. Such a model is valid only if the total width of each of the acceptor states 
is large relative tc their spacing. KLJ (47) show that such is the case in polar liquids. 

Second order perturbation theory is used to calculate the transition probability. 
The thermally averaged transition probability is then solved, using the generating 
function method of Kubo A Toyozawa (60) and Engciman A Jortner (61) to yield 
1/2 / 2n 


19 . 


/ 
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where AE the difll*reiice in the energy of the initial and final slates in their 
equilibrium configuration and 

where and toj are the reduced mass and frequency of the yih normal mode 
of the system and are the equilibrium coordinates of the >lh normal mode 

in the initial and final states, and j 

D' « lKt(9?)<-(9?)/] 2J. 

The term V in equation 19 is the electronic niatris element involving the initial 
and final state electronic wavefunctions. This matris clement is separated out from 
the vibrational overlap term in the second order perturbation matrix element using 
the Condon approximation. The expression for the transition probability in the high 
temperature limit reduces to the equation obtained by LDK (35) as well as* by 
Marcus (37). KLJ do take into account the frequency dispersion in the solvi^mt. 

This formalism has so far dealt completely with the generalized nuclear coordinates I 
of various normal modes of the system. In principle therefore this approach should | 
take into account inner sphere effects as well. KLJ (47). however, show that this 
approach is valid only when the vibrational quantum number of any normal mode 
is much greater than unity. This condition is met for the low frequency solvent 
modes but not for the inner sphere modes. To take inner sphere elfects into account. 
KLJ modified the approach slightly. The total potential energy of the system was 
written as the sum of the inner sphere and the solvent contribution, with the latter 
estimated using the LDK Hamiltonian. The inner sphere part was estimated con- 
sidering only the symmetric breathing mode on the nearest solvent molecules in the 
harmonic approximation. 

The transition probability was then calculated using the methods already 
described to yield a rather complicated result. At the temperatures involved in 
most experiments, the KLJ results show that there is a significant temperature- 
dependent contribution from the first coordination layer. 

THE SCHMIDT APPROACH The usc of perturbation theory by the LDK group 
restricts the validity of their approach to the weak coupling cases. Furthermore, the 
LDK and. for that matter, all the other formalisms have failed to develop a unified 
forma) treatment of electron transfer, which holds for the adiabatic and nonadiabatic 
limits and all intermediate cases. In order to avoid these drawbacks. Schmidt (40. 
41) has developed the theory of homogeneous and heterogeneous outer sphere 
electron transfer reactions on the basis of Yammamoto’s (62) general expression for 
the rate of a chemical reaction, obtained using linear response theory. It has been 
shown that the rates of constants obtained by this formalism arc completely genera! 
and should be valid for any degree of coupling between the participating subsystems. 

The general expression for the rate of a chemical reaction in the Yammamoto (62) 
approach is given as | 

k = [K/(2</V.>0 <N»>o)] r di<SHO)Slii)> 22.' 




I 
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where <AT«>o and <A/'^>«> are equilibrimn number concentrations of the reactants 

A and B and the term within the brackets < > in the integrand indicates the 

trace operation with respect to the equilibrium density operator; i.e» 

< > “ trace {p( )) 2X 

where p is the density operator. Furthermore N in equation 22 is the occupation 
number operator, gi%en as 

24. 

where and 04 are the creation and annihilation operators for the reactant state. 
The lime derivative of the occupation number operator N is given by 

Ar«(ttr»[AT,jr] 25. 

which is the wcll*known Heisenberg equation of motion, with Jt being the 
Hamiltonian of the system. An inspection of equations 22-25 indicates that knowing 
the complete Hamiltonian of the system would allow the calculation of the rate. 

Schmidt (40, 41, 59) has shown that this general nonequilibrium statistical 
mechanical approach yields the same results as obtained by Marcus (37) and the 
LDK group (35) with their approaches when the approximations involved in these 
treatments are incorporated in the linear response formulation. 

Recently Schmidt (46) has used this approach to extend the LDK model for outer 
sphere electron transfer reactions to include inner sphere vibronic degrees of 
freedom. The description of the solvent is identical with that used in the later LDK 
papers (50, 51), where the frequency dispersion of the solvent is taken into account. 
The inner sphere vibronic terms are considered in the harmonic approximation, 
and at is further assumed that there is no coupling between the inner sphere 
vibrations and the neighboring solvent. The total wavefunction is then expressed 
as the product of tlie wavefunctions of ihc electronic, inner sphere vibronic, and 
solvent subsystems. Following the LDK approach (35), the total Hamiltonian of 
the system is written as 

Jfim 26. 

where is the contribution from electronic and nuclear motions, is the solvent 
Hamiltonian identical with the one shown in equation 16, and describes the 
coupling between the solvent system and the transferring electron. 

The rate expression calculated in this manner shows interesting efl'cets of the inner 
sphere vibronic terms. The nature of the cOect depends on w hether the vibrational 
potential energy surfaces for the donor and acceptor species undergo severe displace- 
ment, distortion, or both, and also on whether the fundamental frequencies of the 
inner sphere normal modes are greater or less than 4kl\ Three cases can be 
distinguished; namely 

(a) In the high temperature limit (ko « 4kT), if there is negligible displacement 
of the inner sphere vibrational potemia) energy surfaces but strong distortion, the 
inner sphere cflccl enters ibrough the pre-exponential part of the rate constant 
expression. 
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ih) In the low tcmpcrniurc limil (ftcri » 4kT), the efleci of the innrr sphere vibronic 
tertm is ncj^ligible and only the solvent modes contribute in the rate constant 
expression, in agreement with the claims of the LDK group 

(i ) At both high and low temperature limits, if there is a strong displacement 
and strong distortion in the vibraiiotial potential energy surfaces, the inner sphere 
cfleet manifests itself in both the pre*cxponemial and the exponential part of the rate 
expression. This is a situation closer to the inner sphere type of elytron transfer 
reactions. 

Schmidt (63) has examined the eHcct of damping on the rate by introducing a 
damping factor as a parameter in the solvent Hamiltonian. Two types of damping 
elTecIs are considered: namely, state damping, arising from the interaction of the 
ioacting system in some arbitrary state with a number of loss or attenuating 
systems, and damping due to the attenuation of the polarization energy modes of 
the dielectric continuum. In either case, Schmidt (63) has shown that the damping 
processes result in an cffeciivc increase in the activation energy of the process. It 
should, however, be mentioned that the modified LDK solvent Hamiltonian 
(equation 16) takes both frequency dispersion and damping efTects into account 
implicitly* The results obtained using that Hamiltonian should show the same 
tendencies as observed by Schmidt (63). 

In overall perspective, the approach used by Schmidt, although mathematically 
cumbersome, appears to be more rigorous and valid over a considerably wider 
range than the other existing approaches for the theory of charge transfer reactions. 

Comparison of Theory ami Experiment 

Most comparisons of experiment with prediction for outer sphere electron transfer 
electrode reactions have been carried out using the Marcus treatment. These 
comparisons arc somewhat compromised by uncertainties as to how the solvent 
polarizability terms contributing to AG^ are influenced by the double layer and the 
electrode boundary itself as well as by a lack of reliable data for the force constants 
associated with the inner sphere breathing mode and the change in bond distances 
within the inner sphere. One such comparison is given in Table I . in which theoretical 
and experimental values of the free energies of activation as compiled by Hale (64) 
are tabulated. He has evaluated the experimental values AGJ^p from the rate constants 
using equation I with Z = 1 x 10“^cinsec"Mhc theoretical values. AG^W* have 
been calculated by Hale (64) using the Marcus theory, assuming that the work term 
and multiplicity contributions AG^ and AG; in equation 2 arc small and that the 
electrostatic image-solvent polarization terms can be neglected because of the 
shielding efTects of the supporting electrolyte for ions in the outer Helmholtz plane. 
The latter assumption ts questionable and probably results in high estimated values 
of AG^ and hence AGtVeor in Table I. 

Only those systems are included from the Hale compilation that should come 
close to fulfilling the conditicn . of the Marcus treatment, i.c. proceed by outer 
sphere electron transfer without strong interaction of the reacting species with the 
electrode (no specific adsorption). The organic reductions have been restricted to 
those for which the first electron transfer is believed to be rate controlling and specific 
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cdsorpticn doe» not occur* Willi aromatic tysteni». (hi:, limits the compari«on to 
neutral rcduciants in nonuqucou» solvents such as dimethyl formamide (65. 66), as 
pointed out by Hale (64). 

The agrccnKnt between AG,*h<iir and AGiup in Table I is surprisingly good with the 
exception of reductions for which there are doubts as to whether they proceed by an 
outer sphere mechanism [c.g. Cr(HiO)J or for which spin conservation problems 
may be involved [e.g. Co(HjO)^^]. On the other hand, the values for the outer 
sphere terms AGl listed in Table I are considerably larger and tlie inner sphere 
AG} values are considerably smaller than those calculated by Bockrls (67) using 
eshentiaily the Marcus treatment. In any event, with neither of these compilations 
can AG} or AG} be generally neglected. The LDK (2, 3) treatment will give 
essentially the same value for AGln$ot for only couples whose inner sphere con- 
tributions AG; in equation 2 are small. From Table 1, it appears that such may 
be the case with aromatic species in which the bond lengths and force constants 
undergo only small changes. 

Many of the redox couples for which comparisons between theory and experiment 
have been attempted in the literature (e.g. see 68) may involve one or more of the 
following features which disqualify them for comparison with the Marcus theory; 
bridged charge transfer, strong interaction with the electrode, multiple electron 
transfer with other than the first step rate controlling, and spin conservation 
problems. 

Various workers, including Marcus (I), Sutin (69), and VIcek (70), have used 
equation 3 to compare experimental data for heterogeneous and homogeneous 
electron transfer reactions. The comparison is reasonably good for a number of outer 
sphere electron transfer couples in the absence of specific adsorption of the reacting 
species on oxide-free clectroile surfaces. 

Most theoretical treatments of outer sphere electron transfer electrode reactions 
predict a potential-dependent transfer coefiicient with a value of /) » 1/2 at low and 
moderate overpotentials. A substantia! number of couples have this value (see 
Table 1). The evidence for a potential dependent transfer coefficient, however, is far 
less clear. The LDK group cite as evidence for such a potential-dependent // the 
work of Fruinkin, Petrii & Nikolaeva-Fedorovich (71) on the Fe(CN)2“/Fe(CN)6~ 
couple, which indicates sotnc deviation from Tafe! behavior after double layer 
corrections have been taken into account. Parsons & Passeron (72) have reported a 
potential-dependent transfer coefficient for Cr(H20)|^/Cr(H20)2^, but Anson, 
Rathjen & Frisbee (73) have criiicii^ed this work on the basis of the high pH of the 
solutions used by Parsons Sc Passeron (72) and the need for unusually high precision 
in the measurement of (i. Anson et al (73) failed to find any such potential 
dependence. 

BRIDGE-ASSISTED ELECTRON TRANSFER REACTIONS 

Homogeneous outer sphere electron transfer reactions are often catalyzed by the 
presence of alkali metal cations in solutions (sec e.g. 74). For example, the 
MnO^/MnOi" (75) and Fe(CN)6~/Fe{CN)2'^ systems (76) are catalyzed by alkali 


ctecruciciiKMirAi chargk TKANsreii 301 


metal onions with the rate increasing with increasing intrinsic cation radius. Such 
catalytic eflecU are usually explained by assuming that the alkali metal cations 
reduce the coulombic repulsion K^4ween the reactants (i«. decrease the electrostatic 
work terms in the Marcus approach) and/or that these cations iK^rve as x bridge for 
tile electron Iransfer and thus reduce the activation energy for the overall process. 
Although no detailed attempt to calculate the elTects of tlie work terms have been 
carried out. it is commonly assumed (77) that they are usually small and that the 
primary catalytic cITect is due to bridging. A third factor apparently neglected up 
to this time, however, it that the cation changes the polarizability of the environ- 
ment surrounding the reacting ions through both tlic cations* intrinsic polarizability 
and its field elfccts on the surrounding medium. 

Similar cutalytic ejects of alkali metal cations aUo have been found for the 
heterogeneous case. The Pe(CN)2~/Fe(CN)J~^ electrochemical reaction (7B-81) is 
catalyzed by the alkali metal cations, with the exchange current density decreasing 
in the order Cs^ >K^>Na^>Li^. Bindra, Gerischer & Peter (80) have shown 
rather conclusively that double layer cD'ects involving work terms are not suflicient 
to explain such an elTecl. Dogonadze, Ulstrup & Kharkats (82) have used the 
bridging concept to explain the catalytic effect. 

The majority of the theoretical work on these bridge-assisted outer spliere electron 
transfers has been done for both homogeneous and heterogeneous reactions by the 
Uvich-Dogonad/e theoretical group at the Institute of BIcctrochcmistry in Moscow 
(77, 82-87). For the homogeneous reactions these workers consider two limiting 
cases: 

1. the push-pull mechanism, in wliicti an electron is first trunsferreri from the 
reacting ion A to the bridging species C and then from C to the other reacting 
ion B: and 

2. the pull-push mechanism, in which an electron is first transferred from the bridging 
species C to the ion B, followed by the transfer of an electron from A to C. 

Second order perturbation theory is then used to calculate the transition probability 
of both mechanisms. The use of this approach implies that the intermediate states 
considered in the two limiting mechanisms arc virtual states w ith no need to include 
energy conservation factors for the intermediate states. In a sense, the lifetime of the 
intermediate state is so short that its energy is very broadened by the uncertainty 
principle. 

Using (he LDK solvent polarization fluctuation approach for outer sphere electron 
transfer, Volkcnshtein ct al (84) have treated the quasictassical, high temperature 
limit (/tco « kT) for the homogeneous reaction, assuming that the initial, inters 
mediate, and final states each have their own potential energy surfaces which arc 
linear and nonintcracting. Levich, Madumarov Rhtirkats (85) have extended this 
treatment by using parabolic noninteracting potential energy surfaces for the high 
temperature limit. No inner sphere cflbcts were taken into account. Dogonadze, 
Ulstrup & Kharkats (77) have hirther extended this treatment to the case where th^ 
intermediate slate has a continuous distribution of electronic energy levels. 
Dogonadze, Ulstrup & Kharkats (82) have treated heterogeneous bridge outer 
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iphcrc electron trunsifer using the push-pull and pull-push mechanisms, considering 
iIht itutisicontinuous distribution of electron energy states of the metal. The total 
transition probability for electron traiisler from the reacting ion through the bridge 
to the metal is 

27. 

where is the transition probability for electron transfer from the reacting 

ton via the bridge to a particular electronic energy level k, in the metal, and 11 ( 4 .,) 
is the rermi distribution function, The heterogeneous rate constant, neglecting 
double layer effects, is proportional to W'. For the push-pull mechanism, the transition 
probability lF|/(i:d is itt turn given as 

- 14 fi,K(i:dCJtp![ 28. 

where and arc the electronic matrix elements obtained from second order 
perturbation theory for the initial Ui Anal (/), and intermediate {k) states of tlu; 
push-pull mechanism (i.e. electrons in the bridge); K{c^ is a slowly varying function 
of i;,; is the energy of the intersection point of the potential energy surfaces 
between the initial and intermediute, or inleimediate and Anal slates, de|K*nding on 
which is highest ; and is the equilibrium ground state energy of the initial state, An 
analogous equation can be written for the pull-push mechanism, The activation 
energy and its potemial dei^endence are evaluated in essentially the 

same way as in the LDK app»^'%xh with heterogeneous nonbridguil electron 
transfer, 1’be potential distribution across the interface relative to the positions of 
the reacting ton and the bridge species, however, is of particular im|>ortancc. Two 
limiting cases me considered by Dogonad/c, IJlstrup & Kharkats (82), as shown in 
Figure 2. rhe question of whether the bridged species is hydrated must also be taken 
into account, 



Figure 2 Potential distribution nu^dets for bridge-assisted electron transfer for two limiting 
cases in the treatment of Dogonad/e ei ai 
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This theoretical treatment leads to various types of current-voltage behavior 
depending on the energy of the Fermi level of the iitelal relative to the intersection 
point of the potential energy stirduces for the initial and intermediate states and 
intermediate ami linal states. This in turn is a function of the overpotential. For 
esample. for the push-pull mechanism and the potential distributivtn shown in 
Figure 2A tlie cathodic branch of the current-voltage curves shotu i hav e the normal 
Tafel behavior with (i 1/2 at relatively low' ovcrpotenlials, but shoul i make a 
transition at higher ovcrpoteiitials toaii activatioiiless region corresponding to p ^ 0. 
Dogonad/c et al (82| cite the decrease in the cxperimeiUatly observed transfer 
coelTicienl for the reduction of the fcrricyaiiide in the presence of alkali metal 
cations at high ovcrpiitcntials as evidence of such a transition. Uncertainties about 
double layer corrections and the possibility of changes in potential distribution 
across the interfua* make this evidence siunewhat questionable. Rccentl) l^ogonad/c^ 
Ulstrup & Kharkats (83| have extended tliis treatment to the case where titc virtual 
intermediate state also has a quasicontinuous distribution of electronic energy 
levels. 

These treatments of bridged outer sphere electron transfer at metal electrodes 
represent a major advance but suffer from oversimplifications which may not be 
ippropriate for most experimental systems. The use of second order perturbation 
theory to calculate IF^/(c,) involves the assumption that there are no strong intcr- 
Ktions betwc*en tlie electronic energy levels of the reacting ion, bridge species, and 
the metal. This usstimption is particularly questionable if the bridging species is 
specifically adsorbed on the electrode, burther, the nuHlels in Figure 2 used to 
calculate the cfTecIs of the potential distribution at the interface on the activation 
**ncrgics are at best qualitative and in many instances may not even be that. In 
iiddition, no account is taken of the effects of the bridging ion on the polari/ability 
of the environment surrounding the ion, as cited earlier. The increase in tlie rate 
constants for the ferrocyanide oxidation encountered in going from Fi*^ to 
at’ the cation may wet) Ik due principally to this cfl'cct, since the electrode is quite 
inodtc to the potential of zero charge (p/c) arid a bridge mechanism therefore 
ieems unlikely. 

In a somewhat preliminary treatment, Schmidt ( 88 ) has considered the 
liomogencous inner sphere bridge electron transfer reaction (without atom transfer) 
^y assuming that a radiationless electron transfer occurs within the bridge molecular 
eornplex. The bridged complex is assumed to be in equilibrium w'ith the reactants, 
ind the electron transfer alone is assumed to control (he reaction rate. The rate for 
iuch a process was (hen calculated u>sing (he linear response formalism developed 
by Yammamoto (62) in a manner similar to that used by Schmidt for the homo- 
geneous (46) and heterogeneous (41) outer sphere electron transfer (without 
vidge). The expressions involved in the Schmidt treatment are quite complex, For 
>urposes of simplification in this preliminary treatment, Schmidt has assumed 
10 strong interactions between the reacting ions and the bridge s|>ecics certainly 
t doubtful assumption for inner sphere electron transfer. In principle, however, 
his formalism can be extended to the strong interaction case, as pointed out by 
khmidt (88). 
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PROTON TRANSFER ELECTRODE REACTION 

The Acilvaied Complex Apprimch 

Since the pioiWBring work of Horiuti A Polnnyi ( 12k various authors (see e.g. S9-92) 
have used the activated complex approach involving the stretching of the OH borMi 
in f I )0 * to form a transition state of the form O— H —Metal. Of critical importance 
is tlic model of the interface, particularly the position of the H^O^ or H^O from 
which the proton transfer occurs. Bockris A Matthews (93, 94| have proposed the 
model shown in Figure 3. The initial state of the system is a solvated H^O^ ion 
at the outer Helmholtz plane. One of the protons nssoeiated with the H 30 ^ ion 
then transfers t« one of the solvation waters [number 2 in Figure 3] situated nt a 
distance A- estimated by Bockris A Matthews to be ^ 3.8 A. Further Grotthus>typc 
transfer of a proton to a water molecule immediately adjacent to the surface is not 
considered because these authors believe that the strong negative charge of the 
electrode surface preferentially orients the water molecules on the electrode surface 
and therefore impedes further proton transfer (C these molecules. 

Bockris A Ma^dhews consider the electron to bo transferred by tunneling in the 
activated state because the barrier height is otherwise too high for classical transfer. 
They then use the Morse curves for [HaO-H]^ and H-M to construct the potenti;il 
energy surface along the reaction coordinate (Figure 4). The vertical transition AEo 
in Figure 4 corresponds to transferring an electron from the Fermi level of the 
metal to the H 30 '^ (nur.iber 2 in Figure 3) in its ground electronic state with no 
change in the reaction coordinate. At the intersect !c:‘. point of the two Morse curves, 
radiationless electron transfer from the met'd to a vibrationally excited HsO^ 
becomes possible. The various electronic cik rgy levels in the metal correspond to 
the vertical translation of the Morse curve for the initial state [fljO'*^ +e (metal)], 
with a ditTcrcnl intersection point for each electronic energy level in the metal. 

Bockris & Matthews (93) calculate the electron tunneling probability in the 



Figure 3 Bockris-Matthews model (4) for the electrode interface in proton discharge from 
H,0*. 
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■mi f( is the tromfer coeflicicm. The principal contribution to the discharge 
current is from the tunneling of electrons at or near the Fermi level, with the 
contribution dropping off rapidly as |C £|f becomes large compared to RT. Under 
such circumstances, ^equation 29 reduces to an Arrhenius form; i.e. 




RT 


30. 


where the energy of activation is given by ^A£, with A£ corresponding 
to the difference in the energies of the initial and final states, and is an averaged 
value of the symmetry factor. 

As an alternative to proton transmission over the barrier, various authors have 
considered the possibility of proton tunneling through the barrier. As early as the 
1930s, Topley & Eyrin/ (95) and Bawn Sc Ogden (96) attempted to evaluate the 
relative rates of proton and deutron discharge: the former using a parabolic barrier 
of l.S A thickness and the latter a symmetrical Eckart barrier of the same effective 
thickness. The question of proton tunneling has been more recently examined by 
Conway (97), Chr istov (13-15), and Bockris & Matthews (94), using various potential 
energy barriers. 

For proton discharge from H 30 ^, the proton tunneling current density is (see e.g. 


94) 


kun - ^i(Cu,cr ) 



-(«-«o)Ar]P0;)dc 


31. 


where ii; I is a frequency factor, Ch^o^ is the surface concentration of the proton, Co 
is the /cro point energy level for the stretching, and P(c) is the probability 

of proton tunneling at the energy level r, For the calculation of P(i:), Bockris & 
Matthews (94) use an asymmetric Eckart barrier of the form 


f/( i ^ /icxp(2ff.vA/) P exp(2yi . v/J) 

1 4 exp( inx/it) [ I ^ exp( 2;r,xA/)] ^ 

where /I ~ /lo *f eij, P ~ 2£*~ >4 •f2[£*(£^ -/!)], and ^ /lco»/, with Aq and 

Ei corresponding to the energy of reaction and activation energy at an overpotential 
of II = 0, and 2d corresponds to the cRbcilvc Eckart barrier width. The asymmetric 
Eckart barrier is a poor approximation to the actual potential energy surface and 
some uncertainty exists as to the relation of the Eckart barrier width 2d to the real 
proton transfer distance. Bockris & Matthews (94) have attempted to show that the 
real barrier width for the proton transfer is approximately half the Eckart barrier 
width (2^/). The tunneling probability is quite sensitive to the barrier parameters, 
particularly the thickness (dropping off' exponentially with thickness), and hence it 
IS difficult to predict the extent to which the reaction proceeds by tunneling on 
purely theoretical grounds. 

On the basis of the isotopic separation factor S and its potential dependence on 
Hg over a potential range for which fi is constant, Bockris & Matthews (94) 
conclude that up to 70*?,', of the observed current at low ovcrpotcntials is 
associated with tunneling. From experimental data for S and its potential 
dependence, Bockris, Srinivasan Sc Matthews (98) Have estimated these parameters 
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f to have the upproximatc values of 4 A. El s tX)eV, and Ao - 0.3cV. This 
[ value of 4 A for the Eckart barrier thickness appears reasonable for rhe model shown 
S in Figure 4 if the ratio of the real barrier width to tlie Eckart barrier width is ^ 1/2. 

Conway (97) has also treated proton tunneling using an asymmetric Eckart 
barrier* but in contrast to Bockris Sc Matthews* he assumed that the proton 
transfer would take place from water molecules immediately adjacent to the surface 
and therefore used a very thin barrier (2</«0.5A). With such thin barriers, the 
tunneling probability for protons is high and the Conway treatment leads to a Tafel 
slope of ^0.25 V/decade at low ovcrpolcntial and nonlinear Tafel behavior greater 
than i| = “0,5 V. Such behavior has generally not been observed. 

Christov ( 13-15, 102) has also investigated the question of proton tunneling using 
various types of barriers (symmetrical and asymmetrical Eckart and parabolic) 
without developing a detailed physical model. For each, the elTcct of a linear potential 
energy drop across the interface was considered. In each instance, with judicious 
choice of barrier parameters, Christov fimls the tunneling model to fit the 
experimental data, including the linear Tafel behavior, the temperature dependence 
of the exchange current density, and the isotopic separation factor. On this basis, 
Christov reaches a conclusion similar to that of Bockris et al conci'^ ning the 
importance of proton tunneling in hydrogen discharge on Hg. 

In contrast, Conway & Salomon (99) have concluded that proton tunneling is 
not significant because the activation energy for proton transfer in methanol is 
independent of tcmpeiature down to “II0X\ The anomalous temperature 
dependence of the Tafel slopes observed in these studies has been attributed by 
Conway Sc Macktnon (100) to double layer effects, At this time the importance of 
proton tunneling in hydrogen discharge appears far from settled, 

Conway Sc Salomon (91, 92) have developed a treatment involving an analysis of 
the vibrational modes of the transition state and have concluded that the hydrogen- 
tritium separation factor on Hg and possibly on Ni and Fe cathodes can be 
adequately explained on the basis of slow proton discharge without involving 
tunneling. Their treatment takes into account the symmetrical stretch mode in the 
activated complex. They suggest several possible qualitative explanations for the 
potential dependence of the separation factor on Hg. For the most part these 
involve the interactions of the electric field across the interface with cither the 
vibrational modes of the activated complex or the solvent adjacent to it. 

In considering electron and proton tunneling at electrodes, various authors have 
used the Gamov equation which involves implicitly the WKB approximation. 
Lcvich (2) has questioned the validity of this approach on the grounds that the 
derivation of the Gamov equation involves the assumption that the spatial 
distribution of the potential field docs not change during the course of the 
transition. He points out that the energy levels of the initial and final states are 
changing because of solvent polarization changes. Sen & Bockris ( 101 ) have examined 
the tunneling times for electron and proton tunneling through a rectangular barrier 
using the barrier height-width parameters of the Bockris-Matthews model of proton 
transfer, and they concluded that the tunneling times are considerably shorter than 
the I0*'*^sec involved with solvent polarization fluctuations. Consequently they 
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do not hclicve this error lo be signilicani in the Bockris>Maiihew's treaimcnl. It is 
iinporiaiil lo note, however, that tlie tunneling limes are sensitive lo the barrier 
piirameiers, and hence tlieir conclusions should not be generalized. 

In the IhKkris'Maithcws ireatnieni of proton transfer, resonance interaction at 
the lop of the barrier was not includcil. Saloinon« Enkc & Conway (103) and Sen ( 104) 
have allcmpicd lo lake into account strong interaction in the activated state by 
using the scniiempirical bond energy bond order (BEBO) method for calculating 
potential energy surfaces. This approach was first proposed by Paar & Johnston ( 105) 
lo construct the potential energy (PE) profile along (he reaction coordinate for the 
gas phase H-t-Hj reaction. According to this approach, the total bond order of ilie 
ihrcc-ccnter bond involving the proton as it moves through reaction coordinate 
space is assumed lo be constant and equal to the initial value of unity in the 
prereaction state. The Bockris-Sen treatment considers the model 

H 

^O-H-Mctal 

/ 

H 

where » I, The remainder of the treatment is similar to that for the gas 
phase reaction H -f Hj. Using the data of Parsons & Bockris (90) for the proton 
solvation energy and M-H bond energy, Bockris & Sen obtain a value of 
ISkcal/mol for the height of the energy barrier. These workers consider the proton 
transfer process to occur by proton tunneling. Using the asymmetrical Eckart 
barrier in a manner analogous to Bockris & Matthews (94). they calculate the 
potential dependence of the transfer coef .ent and the isotopic separation factor 
ratio for hydrogen discharge on Hg. Using the BEBO value of )5kcal/tnol for the 
barrier height and 2d — 4.0 A. they obtain values for the isotopic separation factor 
and its potential dependence in reasonable agreement with experiment. 

The Salomon-Enkc-Conway (SEC) treatment (103) of proton transfer using the 
BEBO method ditfers from the Bockris-Sen treatntent In that the reaction is 
considered to proceed entirely by proton transfer over the barrier* SEC take the final 
state following the slow proton transfer to be and then use the bond 

energy of the Hg-H ^ as an adjustable parameter. Using the experimental activation 
energy on Hg, tlicy find this bond energy to be ~!55kcal/moK a value tliat they 
feel argues for Hg rather than Hg^H as the final state of the slow step. Using 
these values they calculate the ratio of the pre-exponential values for proton and 
deutrium discharge on Hg and find reasonable agreement with experiment, 

These BEBO treatments have several shortcomings. In the construction of the 
potential energy surface, various interactions other than those associated with 
O— H— have not been considered adequately or have been omitted altogether. 
These other interactions include modifications in the other O-H bonds of the 
hydronium ion as the proton is withdrawn, electronic band interactions within the 
metal surface, modifications of such attending the H~M bond formation, and 
reorganization of the solvent interacting with the electrode surface and the 
hydronium ion during the proton transfer. 
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Marcus( 106) haft umxI the BEBOapproach in his trealmenl of the kinetics of atom, 
i proton, and strong-overlap electron transfers in solution. He has taken into account 
I solvent effects including the addition or removal of solvent molecules to and from 
reactants, vibrational changes in strongly interacting solvent moicctilcs immediately 
adjacent to the reacting species, and solvent reorientation-polari/ation effects arising 
from changes in the charge distribution in the reacting system. The solvent 
polarization effects arc treated as the equivalent of partial dielectric saturation. The 
solvent free energy contribution from this source is a quadratic function of the 
fluctuations in solvent polarization, just as the harmonic potential energy term for 
vibrational coordinates is a quadratic function of fluctuations in these coordinates. 
It appears attiaclive to estend these additional features of the Marcus BEBO 
treatment to thi<^ proton transfer reactions at electrodes. 

The NoneqiflUbrhm Solveni PoUirlzatioit Model 

Dogonadze, Kuznetsov & Levich ( 1 07, 1 08) have extended the theoretical formalism* 
which they developed for outer sphere electron transfer, to proton transfer at 
electrodes. For the discharge step, these authors state that «ictivation by stretching 
of the and H~M bonds is sufficiently improbable to be neglected on the 

basis that for these bonds hu)»kT They treat the proton as well as the electron as 
part of a fast subsystem with the solvent Inking tfio slow system. Their model assumes 
that activation can arise only due to nonequilibrium solvent polarization, in a manner 
similar to that for their outer sphere clcclron transfer model. By using a double 
adiabatic approximation; this approach feparales the electron and proton wave- 
functions from the solvent w^^vefunctionK and treats the electron and proton as a 
quantum subsystem and the solvcut as a classical subsystem. 

The potential energy surface assumed for the discharge reaction is schematically 
shown in Figure 5, where R is the proton coordinate and q is the solvent coordinate 



Figure 5 Potential energy surfaces for proton discharge according to the DKL model (2). 
solvent coordinate, R: proton coordinate. 
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iiKlicaiing the slate of polarization of the solvent. Due to solvent polarization 
Iluviuaiions, as the coordinate 4 changes values, the potential energy of the initial 
state of tlie system changes and the system moves continuously along the energy 
surface V{<i. Rol, preserving the constant value of K = Ri>; i.c. the vibrations along 
the htviHl [HjO-fl]* remain unexcited. At 4 » 4*. the energy of the initial state 
equals that of the finiil slate ami the system undergoes a quantum tratisition 
involving proton tunneling from the ground vibrational slate of H3O * to the ground 
state of I I M. The solvent then relaxes to the equilibrium configuration around the 
final HjO-t-H- M slate. The rate of the discharge reaction is written as 

< = WrM.o)fM(K)/*(»:HI'(«|de 33. 

where Cn.o* is the surface concentration of protons. n(e) is the Fermi distribution, 
p(c) is the electronic density of stales, and IV(e) is the thermally averaged transition 
probability. IV(e| is related to the transition probability the system passing from 
the with vibrational level of the initial state to the nth vibrational level of the final 
slate Wif{e) by a relation of the form of equation 8. First order perturbation theory 
Is then used to calculate Wn{e\ Thus W,f(e) is given by the expression shown in 
equation 6. 

The DKL approach then uses the Born*Oppcnheimcr approximation to express 
the wavcfunctions of the initial and final slates as a product of the electronic, 
proton, and solvent wavelimciion. The assumption implicit in such a separation of 
the proton and solvent wavcfunctions is that the proton subsystem is fast compared 
to the solvent subsystem. DKL justifies this assumption on (he ground that the 
vibration frequencies of the proton attached to the hydronium ions in the initial 
stale and the hydrogen atom adsorbed on the metal surface in the final state arc 
orders of magnitude higher than the frequencies of the solvent orientational modes. 
Using the Condon approximation twice, once for the electronic subsystem and once 
for the proton siib.sy.stcm, DKL e.\prc.sscs H'j/fc) as 

where U is the electronic matrix element, the / and (f> quantities are the proton and 
sol vent u avefu net ions, R and q are the proton and solvent coordinates, and tite 
subscripts/fiand im represent the final state in the vibrational level nand the initial 
state in the vibrational level respectively. Equation 34 is then solved using 
harmonic oscillator wavcfunctions. The solvent Hamiltonian used in this calculation 
is identical with the one used in the early LDK papers (35) for outer sphere electron 
transfer reactions (sec equation !0). 

The current density-overpoienlial relation obtained from this approach shows 
three distinct regions with di Verent values of the transfer cocfiicicnt. At very low 
overpotentials, the transfer corresponds to an activationless type (sec Figure 6C) 
with the transfer coelTicient 1. At moderate ovcrpotcntials the system exhibits a 
normal TafcTtype behavior with u transfer coeflUcient fi - 1/2 (Figure 6 B). Finally 
at very high overpotcntials, the transfer coeftlcient becomes zero and the transition 
is barricriess (Figure 6/1). 
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Comparisoiw beiween the predietions of this «pproarh ami the experimental 
results are only possible if the reorgan^ ation energy £, in the theory can be 
mtimated with any accuracy. Unfortunatv.y such is not the case. However, Levich 
has compared the current*voltRge behavior predicted by this theory to experimental 
results, assuming that the reorganization energy of the system is equal to 2eV. The 
very low overvoltage region with a transfer ooeflicient of fl » I predicted by this 
theory ha'> not been observed experimentally on Hg. This region is not readily 
accessible for accurate measurements, however, because of the very low current 
densities involved. Moderately good agreement is obtained in the normal Tafel 
region. Krishtalik ( 109. 1 10) has reported that at very high ovetpotentials the system 
docs pass into a barrierless region for Hg. 

Within the framework of this approach, German ft al (III) have investigated 
the potential dependence of the isotopic separation factor. They have shown that 
there are two contributions to the separation factor. The lirst is the diflerenoe in 
aero point energies between the O-H'' and O-D'^ bonds. This contribution, 



q: 
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FlfiUKf 6 Potential energy surfaces for proton discharge according to ihc DKL treatment 
(2| for low (/I), intermediate (0). and high (O overpotentials.. 


312 MN, YCAOeil A O'ORADY 

however, does not depend on potential The second factor arises from differenoes 
in the transmission coefficients for the proton/deutrium/tritium transfer. This 
contribution depends on the distance of closest approach of the discharging 
species to the electrode. German et al concluded Khat the proton and the deutrium 
approach distances are dilTereiU as well as potential dependent and this is what 
causes the potential dependence of the separation factor. Although this approach 
has not been develop^ to the extent where a quantitative comparison with 
experimental results can be carried out, the shape of the separation factor-potential 
curve obtained from this approach is analogous to the one experimentally observed. 

In effect, the OKI. treatment considers activation to be achieved by the 
accumulation of energy through phonon interactions in a solvent volume of 
dimensions large compared to the solvated hydronium ion and with almost a 
continuum of low frequency modes. The conventional activated complex theory 
with or without tunneling considers the accumulation of the energy of activation 
to occur in a single vibrational mode through multiple phonon interactions. The 
DKL group claims that the hydronium ion with its small volume is just too *'hard,** 
iU terms of potential energy, to be effective for such accumulation. The extent to 
which either of these two views is valid remains to be established but it seems likely 
that both types of contributions to the aaivation energy will prove to be important. 
There is a need for an overall treatment of both contributions for the heterogeneous 
proton transfer. 
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Oxygen electroeatelyele has asaunid new laportaneo because of the 
InvolveMnt of the 0^ electrode in various fuel cells and electrplyser 
systens* For 0» electroreduetion to proceed at reasonable current 
densities requires the adsorption of the 0^ aoleeule or ion on the 
electrode surface* Various nodels for the^interaction of such 0^ 
species with surfaces and the corresponding pathways for the electro** 
reduction are considered* Generally peroxide Bechanisms are predo»> 
inant in aqueous solutions on non«*netallic as well as metal surfaces 
but this leads to less favorable operating potentials for 0^ cathodes* 
A nuober of reasonably effective 0^ electroreduetion catalysts have 
been identified for alkaline solutions but so far only hi^ area 
platinum appears to combine reasonable activity and stability in acid 
electrolytes* Various electrocatalyst s for which results have been 
reported in the literature are summarized* The eleHrochenical behav«» 
ior of various carbons and graphites » lithiated NiO and various defect 
metal oxides including RuO^/Ti is considered in some detail relative 
to Og generation as well m reduction kinetics* 


Key words: Carbon^ electrocatalysis ; nickel oxide; semiconductor 

electrodes; oxide electrodes; os^gen electrochemistry* 


lo Introduction 

With the energy problems facing many nations » renewed interest has developed in 
electrochemical energy conversion and storage » and among the various electrochemical 
devices » particularly fuel cells and water electrolyzers* An important part of most 
such de'idces is the oxygen electrode* Unfortunately it is one of the laore troublesome 
parts* The irreversibility of the os^gen electrode leads to excessive voltage losses and 
restrictions on power densities of the cells* Furthermore, in an effort to ochleve an 
acceptable level of performance, It has been necessary to resort to expensive precious 
metal oxygen eleetrocatalysts in very high area forms, which are difficult to maintain over 
long operating times. 

In light of the importance of 0^ electrodes and problems associated with oxygen 
elect rocatalysis, this lecture will oe directed principally to oxygen electrode reactions 
on nonmetallic surfaces. 

2. General features of oxygen electrode reactions 

The pronounced irreversibility of the o^^gen electrode reactions at moderate tempera^ 
tures has severely conq^licated mechanistic studies, ^e exchange current densities for the 
oxygen electrode are very low— typically 10"^^ to 10“^^ k/evT on an effective catalytic 
surface such as platinum. Consequently the current densities near the reversible potential 
are generally too low to permit measurements under conditions where the kinetics are sensi-^ 
tive to the reverse as well as forward reactions. Further, the experimentally accessible 
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portions of the oothodie end onodlc brenohes of the polerlzetlon curves ere sufficiently 
•epsrsted in potentisl thst the surfsee conditions differ very shbstentislly. nierefore» 
the csthodlc end snodie processes under these conditions ere probsbly not the reverse of 
eseh ether. To cosiplieste the sltustion further, the oigrflen electrode resctions msy proceed 
through s Isrge nuPber of psthvsys. This explslns why the meehsnloos for 0« generetlon end 
reduction still not fully understood even on plstlnua, the nost extenslTOly tised snd 
■est studi^’d Og electro>reduetion ostelyst. 

Before discussing Og electrocetalysls on specific noo»8ietsllic surfeces, some of the 
genersl features of the possible electrode sxichonlsas will be considered. 0^ reduction in 
aqueous solutions requires a strong interaction of Og with the electrode surface for the 
reaction to proceed at a reasonable rate. Three types of models for such interaction have 
been proposed il,35]l. dhese are shown in figure 1, together with the corresponding Mootloh 
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Figure 1. Models fbr adsorbed 0^ and corresponding reaction pathvays for 0^ 
electroreduc ti on • 

pathways for 0^ reductions The Griffiths model (2j involves a lateral interaction of the n 
orbitals of the 0« interacting with empty d o orbitals of a transition element » ion or metal 
atom with back bonding from at least partially filled d or d orbitals of the transition ^ 

element to the tr* orbitals of the 0^* This type of interaction ^should lead to a weakening 
of the 0-»0 bond with a corresponding lengthening of this bond* The Vaska complexes 
Cesgap Ir(Op)Cl(a>)(PPh^)^l appear to form such complexes with ^ fSp^]. These compounds 
are selective oxidation "^catalysts for cyclic olefins l5l* The formation of a strong metal- « 

to-oxygen interaction results in a weakening of the 0-0 bond and an increment in the length 
of this bond [6]. Sufficiently strong Interaction of this type may lead to the dissociative 
adsorption of 0^ with probably simultaneoiis proton addition and valency change of the tran- 
sition element in the manner represented by Pathway I in figure 1, followed by reduction of 
the to regenerate the catalyst site. Sandotede et Ba.[7*8] have attempted to explain 

oxygen reduction with square pyramidal Co(Xl)g Pe(ll) and Fe(lII) complexes as well as on 
the thiospinels on the basis of such n bonding. Tseung, Hibba and Tantram l9] have proposed 
that Og reduction on Li-doped NIO changes from a non-d5.8SOcintive to dissociative mechanism 


^For reviews see ref. [1,35]. Figures In brackets indicate the literature references at 
the end of this paper. 
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rtK>ir» the Heel point (200®C for their ^10*ntom t Li doped HiO) in order to explain the 
Inere&fAt in catalytic activity in KQH hydrate inelto above the Vot'} tenperature* 

Xt it indeed likely that Op reduHion does proceed by a ditsociative adsorption 
Mechonitn on tone electrocatolyStt. Op to date^ liowever^ no unambiguous experiinental 
evidence appears to have been presented for Op reduction by ouch a aeehsnitm on either 
detail ic or non-netollic catalyst surfaces In aqueous solutions at noderat^ tenperatures. 

01th most transition netol catolvsts, the nost probably structure fbr Op adsorption 
is the Pauling model flO) in which tp^ orbitals of 0^ interact with d p orbitals of the 
transition metal. l!he square pyramidal complexes oirfe(ll) and Co(ll)? which have good 
activity for Op reduction in acid solutions, appear to involve such on end-*on interaction 
on the basis or ear and other evidence [ll). This adsorption of Op is sxpected to be 
accompanied by at least a partial and probabiy complete charge transfer to yield a super* 
oxide and then peroxide state, as represented by Pathway XX in figure 1* The adsorption of 
the 0^ on the square pyramidal complexes of Fo(ZI} and Oo(ll) may lead directly to the 
superoxide state. With somewhat similar oxyhemoglobin coeplexes of iron, varioim workers 
have proposed that 0^ binding to the iron involves Or or states with Pe In the III 

valent state (l2*l4J. The change in valency state of the transition metal coupled with the 
change In Op oxidation state during formation of the Op adduct corresponds in principal to 
the redox electrocatalyst concept proposed by Beck et {l^,l6]. 

The further reduction of the Op beyond the peroxide state requires rupture of the 0~0 
bond. Such con occur in Pathway IIB through the formation of 0« or H0» free rndicals In 
solution or the simultaneous reduction-bond cleavage (electrochemical desorption) to yield 
KpO or Otr* Neither of these processes are likely to be sufficiently fast at practical 
operating potentials for Op cathodes but the electrochemical desorption Is a better candi- 
date. The free energies of formation of the and I10« free radicals in solution are Just 
too high to achieve sufficiently high concentrations for the subsequent homogeneous reac- 
tions to proceed at rates corresponding to reasonable current densities at acceptable elec- 
trode potentials. Substantial evidence exists for Pathway XIA yielding solution phase 
peroxide for various metallic imd non-metallic electrode surfaces. With non-metallic 
electrodes such as carbon, graphite and lithlated NiO in aqueous alkaline solutions, signi- 
ficant amounts of peroxide are found in solution and the potential under open-circuit condi- 
tions follows the Nernst equation predictlonn for the O^-HOg couple (see e.g. ref. 17, l6J* 
Eventually the peroxide is further reduced at practical 0^ cathodes. The formation of solu- 
tion phase peroxide as an Intermediate, however, is unfortunate since it leads to less 
favorable operating potentials. With carbon electrodes in alkaline solutions. It is neces- 
sary to Incorporate a peroxide reduction or decomposition catalyst in the electrode to 
prevent the buildup to high concentrations of the peroxide within the electrode structure. 
One possibility is to utilize the spillover effect with the peroxide prodi\ced at one site 
migrating on the s\u*face to an adjacent or nearby site where the peroxide eliwij.f’^ ion step 
occurs. This Indeed may occur to some extent with high area carbon electrodes containing 
peroxide elimination catalysts such aj Pt or Ag. 

Under some circumstances it is possible that the superoxide species Op* may desorb to 
yield the solution phase species. This ion is formed as a reasonably stable entity during 
Op reduction in eprotic solvents [see e.g. , ref. 19-22 J and probably in carbonate melts 
[23] • The Buperoxide ion also has been proposed to be formed In aqueous solutions on Hg 
[2^25], amalgamated gold [26] and carbon paste [273 cathodes In the presence of surface 
active agents, Under these circumstances, Pivisek and Kastening [24,251 propose that the 
surfactant molecules displace water molecules from the surface, impeding accean of water 
to the adsorbed Op^, and thereby inhibiting further reduction. Dubrovina and Nekrasov [26] 
have proposed that the 0p7 radical may be stabilized through the formation of a complex 
with the surfactant molecule. In the absence of adsorbed organic species, however, it does 
not app^^ar that an 0p“ desorption mechanism contributes significantly to the observed 
current, notating ^sk experiments have rather clearly demonstrated this for graphite [26] 
and also gold cathodes [29], os will be discussed for the former case later In this lecture. 

Pathway III in figure 1 provides an alternate means for bringing about rupture of the 
0-0 bond throu^ the formation of on -0-0- bridge. Such a mechanism may come into play with 
the proper surface spacing of ti’onsition metal atoms or ions in a metal, oxide or thio- 
spinel or in a bimetal complex such as a macrocyclic. The formation of the bridge species 
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requires proper epeeinc of the two netel species plus psrtisll/ filled d or d erttltsls 
to psrtlelpste in hondlng with the sp* orhitsls of the oiQraen. MseroejreXfe trmlition 
•etsl eoeq>lexes of thu type M-Oa-N been synthesised (e.g.» see ref* 30» 31» 36» 3T) end 
nppenr to occur nnturnlly in heasythrin* 

for sny of the neehenisns in figure 1|» eonsidemhle questions exist ss to the reversi- 
bility of the Oa ndsorption step nt the rsther high mtes involved with pmetiesl Oa entii- 
odes* For 0. to bond to M* will genernlly require the replneemmt of n vnter aoieeQle or 
onion of theSleetrolyte— n situation which would normally be expected to be unfavorable 
to Oa unless the 0. adduct has a pronounced dipolar character [32 » 33}* Xhe 

reversibility of tne formation of such adducts in water and other solvent systems is strong- 
ly dependent on the ligands and generally favored in the "picket fence" porphyrins in which 
the large rather bulky organic groups create an environment won conducive to 0» uptake 
[3h]. Porphyrins of this ^pe are probably responsible for the relatively good ^rformsnee 
of carbon cathodes as Oa electrodes in blood* but it is doubtful whether they can be ren- 
dered sufficiently stable for prolonged use in the strongly acid and alkaline solutions of 
■oat fuel cells above 100"C* 

♦ 

At steady state any peroxide foraed on the electrode surface nust be sift>sequently 
further reduced or decoa^osede Vhen the 0^ reduction ps^ceeds entirely though a peroxide 
state on the electrode surface and/or in tne solutiont the process is usually referred to 
as ^'series'* whereas vhen O 2 reduction proceeds simultaneously by a dissociation step with- 
out a peroxide state as veil as throui^ a peroxide state » the processes are described as 
**parallel”a Peroxide has been detected in the solution phase during 0^ reduction on many 
metallic and non-metallic electrodes ( e,gc . Pt» Au» Agp Fbp Ni, KiO» eu*bon» graphite) in 
various aqueous electrolytes at T < 100®C* Consequently little doubt exists that the 
peroxide mechanism ia often functional* Some authors have proposed that reduction also 
proceeds sinultaneotisly through a dissociative adsorption mechanism as a parallel mechanism* 
Unfortunately the evidence is for the most part ambiguous*^ 



Reduction state 


2* Free energy relationships 
for the reduction of 
oxygen in basic solution 
at 23*C« Standard reduc- 
tion potentials in volts 
are indicated on linca 
designating steps* 
Potential for O 2 /O 2 
couple from ref. (25]. 
Multiply ordinates by 23 
to obtain free energy in 
kcal/mol* 


2 

I)araJanoylc» Genshaw and Bockria [39] have proposed that their rotating ring-disk data pro- 
vide evidence for the parallel mechanism on Ft* Their treatment of the kinetics does not 
consider the peroxide desorption step* This would eaqplaifn their results [Uo] without a 
parallel mechanism* 
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Fig. 3. Free energy relationehlpe 
for the reduction of 
oxygen in acid solution 
at 25*C. Standard reduc- 
tion potentials in volts 
are indicated on linea 
designating steps. 
Potential for O 2 /HO 2 
couple calculated from 
data for O 2 /O 2 (ref. 25) 
and pK " 4*88 for O 2 -HO 2 
(ref. 38). (Multiply 
ordinates by 23 to obtain 
free energy in kcal/snol.) 


The question of whether 0^ reduction can proceed by a parallel iseehanism is more than 
Just academic. The free energy changes and corresponding standard electi*ode potentials 
associated with the various 0^ couples are shown in figures 2 and 3 for alkaline and acid 
solutions. The standard electrode potential of the 0^* peroxide couple is far less anodic 
than that for the four-electron 0^ reduction (by ‘fO.45 and -0.53V in alkaline and acid solu- 
tions ^ respectively). Further the Op^-peroxide couple is usually much more reversible than 
the other steps shown in figures 2 and 3 with the result thet the potential is often con- 
trolled predominantly by the O^-peroxide step. 

In principle it shoul^d be possible for the potential of the Op-peroxide couple to 
approach the reversible potential for the four-electron reduction By depressing the peroxide 
concentration to the equilibrium value for the sreactlon 


2H0g*" B Og + 20H* (1) 

In practice this has not proved possible even with extremsly effective peroxide decomposing 
I catalysts under open-circuit conditions because the equilibrium pe^xide concentration is 
extremely low ( i.e . . 10“^^M HOp- in M caustic). With high area caibon electrodes on which 
I the Op-peroxide couple has a high exchange current density [ e.g. . 10*^ A/evT (trtie area)] 
in alkaline solutions* it has been possible to improve veiy substantially the performance 
through the incorporation of very effective peroxide elimination catalysts [see e.g.* 
ref. 41, 68). 
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3. Summit of Materials Exaalned as 0^ Blsetrocataljrsts 


Table I la a partial list of the various Materials which have been examined as O. 
reduction electrocatalysts* Many of the compounds listed in this table have substantial 
aleetroeatalytle activity for 0, reduction In alkaline solutions but do not have sufficient 
long-term stability. Only a feS have siffilfleant activity In the concentrated acid solu- 
tions and only platinum in ultrahlgh area fora has eosblned sufficient activity and stabili- 
ty. A few of these systems will be considered In soma detail. 


Table 1. Compounds considered for O 2 clectroreductlon catalysts In the literature. 


Metal chelates 

Type Example 


Literature reference 


N2S9 

N2O4 

S4 


Thtoeplnels 


dlac«tyi-di (thiophenylbcnzhydrazon«)^ [DT] 

biaaallcylaldehyde-o-phcnylenediamlnaa (Pfeiffer) 

tectaphenyl porphyrin^ [XP] 

phthalopyaninea^ {pcj 

bladlphenyldlthloethylene^ 

polymaric veralona of above 

henin 


Order of actlvitiea: 


for N 4 : 
for N 2 O 4 : 
for Co II: 
for Fe II: 


Fe > Co > Cii > N1 ^ Mn 
Co > Mn > Fe > Cu > N 1 

N 2 O 4 > N|j > N 2 S 2 ^ O 4 84 

N4 » N2O2 > N2S2 >04^84 


7,42,43 

7,42,43 

7.42.43 
7,42-44,47 

42.43 
42,43 
48 


Me^ » Mn, Fe, Co, Nl, Cu, Zn 
Md® - n, V, Cr, Fe, Co, K1 
also sei^no- and telluro-splnels 
activity: C 03 S 4 > NI 3 S 4 > Fe 3 S 4 


piBulfldes, diselenldeSt dltellurldea 

Co compounds active; for Cu, activity Is highest 
with disulfide 


Oxides 

Spinels 

Spinels Me^M 62 ^ 04 : C 03 O 4 , Co 2 Ni 04 , C 0 AI 2 O 4 active 52-55 

Tungsten bronzes M,^W 03 57-60 

Perovskltes StxCo 03 active 9,56 

Other oxides: NiO (lithiated) 9,18 

Ru 02 61 

AU 2 O 3 62 


Metals 

Ft and Pt family metals, alloys^ 

Au and Au alloys 
Ag 

Carbons 

Ion implanted carbon 17,18,28,29,69,86 


65-68, 83-85 

62,64 

29,40,63 


^Cations: Tl, V, Cr, Nn, Fe, Co, Ml. Cu, Zn 
The work on Pt Is very extensive« For a review see references 75-78, 
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0^ EleetrocatalyftiB on Carbon and Graphite 

On both carbons and graphites of low mineraX contentii the reduction of molecular 0^ 
proceeds to hydrogen peroxide in alkaline solution almost quontitatiimly at low peroxiw 
concentrations* Typical current^voltage curves obtained with the rotating disk technique are 
shown in figure k for the edge and basal planes of stress-annealed pyrolytic graphite in 
IM KOH* The hysteresis evident in these slow sweep curves (10 mV/sec) is caused by changes 



Fig. 4; Reduction of O 2 on high 

pressure annealed pyrolytic 

graphite. edge oriental 

tion, — cleavage orienta- 
tion. Electrolyte: 1 M KOH, 
pressure O 2 : 0.97 atm7 
temperature: 22^C» electrode 
area: 0.22 cm^» Rotation 
rates indicated on curves in 
rpm. Direction of sweep in- 
dicated by arrows. X-ray < 
rocking angle of graphite 
- 0 . 4 ®, 


in the oxidation state, of various groups present on the edge orientation* Isotopic experi- 
ments (70] involving 0^^ and the rotating disk experiments [28] Indicate the following 
mechanism in NaOH and KOH solutions: 


Step 

I* 

S + Og S - Og 


(2) 

Step 

II. 

s - Og + e“ S - 


(3) 

Step 

III. 

S - 0 ” HOH S 

+ c„h“ + oh“ 




1 2 , 

f ^ ^ ^ t 

z 

(4) 



S - Og s 

+ 02 



Step II is ordinarily rate controlling with a transfer coefficient of 0*50 but at high 
current densities » the potential- insensitive Step I becomes controlling. Coiroborating 
evidence for such an 0^** adsorption step is to be found in the reversible chemisorption of 
Gg on carbon from the gas phase » presumably without bond cleavage, as revealed by esr 
studies (71]. Step III is quite surprising €uid is definitely a surface reaction rather than 
a second order solution-phase reaction between superoxide radicals (Og"* or HO^*). The fact 
that Step III is second order in the surface concentration of adsorbed indicates that a 
direct interaction between two adsorbed Og** is required for this step, mile the kinetic 
measurements have been carried out principally on various types of graphites, the results 
for various carbons [17] are sufficiently similar to suggest the same mechanism. 
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Of partieulmr note la that with aingle crystal graphite and stress-annealed pyrolytic 
graphite • the 0^ reduction as veil as peroxide oxidation reactions ore very inhibited on 
the basal plane with the exchange current at least three orders of ms0iitude less on the 
basal plane than on the edge orientation* Inperfections in the basal plane set a lover 
limit to the cheeking of hov far the exchange current is depressed on this plane* 

This depression of the exchange current on the basal plane nay be caused by 
1* anisotropic surface-semiconductor properties of the graphite 
2* the lack of suitoble functional groiqps or adsorption sites on the basal plane* 


The carrier concentration in graphite la rather lov near the Feml level and hence some 
significant fraction of the applied potential may fall across a space charge region for 
the basal plane* To check on this, a.c* impedance measurements have been carried out on 
this plane [72]* The differential capacitance curves and corresponding voltammetxy curves 
are shown in figure 5 for both 1 NaOH and 1 £ H^SOi^* These curves are in strong ^^ontraat 
to the corresponding curves for the edge orientation^ [73] which show much stiructure* The 
capacitance on the basal plane is much lower than on the edge orientation or on typical 
metals such as Hg or Au, suggesting that a significant potential drop occurs across a space 
charge region within the graphite* The potential dependence of the capacitance* however* 
Is close to parabolic rather than the hyperbolic dependence expected for a semiconductor 


electrode. This may caused by the high carrier concentration in the graphite; i*e«: 

^6 X 10^° carriers/cm^ [7^]. Further* the capacitance ciirves give no indication of specific 


adsorption* even in the presence of relatively high concentrations of such anions as 
iodide [ 72 ]. 



Fig. 5. Capacity-potential and current- 
potential curves for the basal 
plane of stress-annealed pyro- 
lytic graphite (AGjj ^ 0.4®) In 
IN H 2 SO 4 and 1 N NaOH solu- 
tions at 25 ®C and 1000 Hz 
(sine wave): x 1 N H 2 SO 4 ; 

o 1 N NaOH. Scan rate for the 
current-potential curves 0.1 
V/sec, direction of sweep in- 
dicated by arrows: A) 1 N 

H 2 SO 4 ; B) 1 N NaOH. 


E (V vs NHE) 
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tb check fUi^her on the extent to vhlch elleetrode reecti^ on the basal pl*uie may be 
iapeded by semiconductor effects, the behavior of the Fe(CtfL^ - Fe(CN)^^** redox couple has 
been examined on this surface [28]^ The apparent exchange current density is appromiately 
1/3 of that on the edge (1«1 mA/cn^ on the basal plane as coopared with 3.0 mA/cm on the 
edge in 0.005 M KjIbCCIf)^ e 0.005 M K4Fe(car)g ♦ 0.5 M at p» » 3 and 26^0). This 
difference aay*l>e caused by a difference in the ratio of time to i^parent surface area or 
ionic double layer effects (diffenmt point of sero charge) as veil as semiconductor effects 
but is certainly far less than the tvo orders of magnitude difference in the exchange cuz^» 
rent densities for the 0^ reduction on the basal and edge planes. 

The most likely e3q;>lanation for the suppression of 0^ reduction^on the basal plane is 
the lack of suitable adsorption sites for O^iads), 0^* (aos) and O^H^Cads) during the redve- 
tion. This raises the question as to vhat particular adsorption sites or functional groups 
are involved in the 0^ reduction on the edge surface. A large number of functional groups 
have been proposed to^exist on carbon surfaces [79 • 6o] and some of these should persist on 
graphite as veil as carbon at the potentials for Og reduction in alkaline solutions. Even 
so, it is far from clear which, if any, provide the adsorption sites involved in the Og 
reduction. 

Garten and Weiss [8l] sods years ago proposed that quinone groiqx: are involved in the 
fblloving vsyt 



0 


The Og first adds to the deflnic bond associated with the quinone group to form the hydro- 
peroxide or molecular oxide* Electron transfer then occurs to form 0p*(ad6) and subsequent-* 
ly splits off as HOg* after a further electron transfer. Steps I emd^II of this mechanism 
are computable with the kinetics but step III is not. The peroxide formation step is second 
order in 0g**(ad8) and hence appears to involve interaction between two 0g"(ads) with simul- 
taneous electron transfer either directly or through the carbon substrate. Tlie nature of 
this interaction is not clear, A similar second order step involving 0g“(ads) also appears 
to be involved in Og reduction on gold [29, 63]. ^ 


5. Og Electrode Reactions on Nickel Oxide 

Oxygen reduction at room temperatures proceeds through a peroxide mechanism on lithlated 
NIO in alkaline solutions [9, l8, 82]. In Og-saturated alkaline solutions of HOg**^ the 
open-circuit potential of anhydrous NlO prodwed by various methods corresponds to the 
thermodynamic value for the 0^ - HO^" couple with the proper dependence on activity 
[ 18 ]. ^ 2 2 

T!ie MO most extensively studied in the author’s laboratory fl8, 82] mosaic exysted- 
llne anhydrous NlO ([lOO] orientation) produced by hydrothermal growth on isomorphic MgO 
from the NlBrg - HgO vapor phase at ^600°C, using the method of Cech and Alessandrlni [88]. 
The mosaic crystals are then doped with 0.1 - 1.0^ Li by high temperature infusion 
(llf50-1550®C). This material la a p-type semiconductor and hence processes such as Og 
reduction would be expected to be inhibited. Examination of redox couples such as ferri- 
ferrocyanide with the rotating disk technique do indicate such cathodic inhibition In acid 
solutions with the anode branch under combined kinetic and diffusion control [87]. Differ- 
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•ntial capacltwiM Maaurenonts in acid ■olutions Indicate that noat of the eleetrode po- 
tential ehanee oeevura aeroea the apaee charge region within the RiO(Li) at eleetrode poten- 
tiala cathodie to 0,8V va. atondard hydrogen eleetrode (SHE) 166). In alkaline aolution*. 
however, the ferri-ferroeyanide eohple ia no longer eathodleally inhibited and both the 
eathodie and anodic branehea are eaaentially diffuaion controlled even at high rotation ratea 
(67). The flat band potential ahifta in alkaline aolutiona from a poaitive to quite nega- 
tive value relative to the rcveralble potential of thia couple with the reault that the 
potential chengea occur principally aoroaa the Heljdiolta layer. The reveraible potential 
for the O.-peroxide couple, however, ia more negative and therefore 0. reduction even in 
alkaline aolutiona ia btlU quite inhibited [62]. The oxidation of HOn** to Og proceeda 
■ore readily but ia atill much leaa reveraible then on carbon or graphite. Similar reaulta 
have been observed on lithlated polycryatalline NIO produced by hiidi temperature oxidation 
of nickel metal in air or Og [l 8 ], 

!L6 

0 ^ techniqusB have been used to demonstrate that the 0 ^ liberated during the oxidation 
of to 0^ at controlled potential on NIO In alkaline solutions originates only from the 
HOp** 162 ]e ^us the 0«»0 bond does not appear to be broken during the oxidation process » 
ana presumably also during the reverse reduction of 0 ^ to 


So far In this lecture » ve have only considered the reduction of Nickel oxide is 
of some Interest from the standpoint of the anodic generation of however^ since nickel 
electrodes are used in vater electrolysis In caustic and these ele^rodes develop anodic 
oxide layers under such conditionse 
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Op generation has been examined on mosaic NiO(Ll) in acid solutions using 0 labelling 
techniques [90]e The dissolution of NIO in concentrated acid solutlons^ls extraordinarily 
slou and is under pure kinetic control* After correction for lattice 0 entering the solu«> 
tlon throu^ dissolutiong a substantial fraction of tb^ anodlcally generated Op has been 
found to originate from lattice oxygen (^0^ at 1»8V vs* SHS). The proposed mechanism is 
the falling of p-carriers into surface 0 or OH** traps* The subsequent formatim of 0i is 
then coupled to the NiO dissolution process end may proceed as follovs: 


Step I: 

2 -f 2p 

•*> 

20“ 

Step II: 

20“+ 2H* 


2 OH 

Step III; 

OH + OH 


HgO ♦ 1/2 Og 

Step IV: 


-► 

2W1^ 

oq 


( 6 ) 

(7) 

( 8 ) 

(9) 


2H10 + 2H'*' ♦ 2p'*’ 2N1^ ♦ HgO + 1/2 Og (lO) 


Steps I and II may be a single step or «?eparate steps as shown* Step III undoubtedly in- 
volves several component steps. The overall process is independent of the steps. The 
standard free energy change for the overall process relative to the reaction “f 2e Hg 
can be calculated from the standaJ^d free energies of formation as listed by Poiirbalx [9l]t 
NiOg AG® « -5i.3 kcal/mole; Ni , AG® « -11.53 kcal/mole; H^O, AG® « -56*5 Vial/mole* The 
calculated relative standard free energy change for the overall reaction is •♦■23 *1 kcal/mole 
corresponding to a standard electrode potential of •♦•0.5V* 


Alternatively the Og 
into a surface state 


formation 

i * e • 1 

from lattice oxide may involve two p carriers 

falling 

Step I; 

0^“ + 2?"*^ +• 0 

(11) 

Step II: 

0 •+ 1/2 Og 

(12) 

Step III: 


(13) 


»2 

(U*) 
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where Steps I end IX sre nultlple step processes* for the oversll process » ■ ^39*8 

kcsl/mole and • 0*67V* 

The potentials for both of these oversll resctioos lO^fnd 1^ are cathodic to that for 
the discharge of 0^ fron water* Since the activity of Si^ is far less than the unit 
value I the equilibrium potentials may be considerably lesl^anodic than the standard values* 
This may be the explanation for the observation that at potentials even as small as *H)*7V 
vs* SHE anodic currents were observed for NiO (0*26 atom % Li) in IS acid solutions* In 
the absence of such an anodic process a cathodic c^rent is expected to attend the dissolu- 
tion of the NiO due to the ireduction of lattice Ni^ (resulting from the Li doping) to 
Ni^^ I90l* 

The VDltammetiy curve for the [lOO] interface of the mosaic crystals indicates :r 
peaks (fig* 6 ) in both acid and alkaline solutions^ one at 0*9?V vs* SHE (Peak 1) and a 
second at 1*1|V (Peak II)* Both have a pH dependence of -*60 mV/decade over the pH range 0-l4* 
At slow sweep rates (^ 60 mV/sec)^ the anodic and cathodic sweep peak potentials coincide » 
indicating reversibilTty* 



Linear sweep voltammetry curve 
at 4.0 V/min for moslac NiO 
(0*36 cation X Li) in helium- 
saturated 1*0 N H 2 SO 4 at 25^C* 
Electrode areaT 0*128 cm^* 


Yohe j^* [82] have compared the voltammetry results with the thermodynamic data 
compiled by gjurbaix^lpl] and^conclv/f|J that peaks I and II probably correspond to the oxi- 
dation of Ni^ to Ni and Ni ^ to M respectively, coupled with the removal of protons 
from adjacent oxygen ions* These reactions appear to occur only at the electrode surface 
since the total charge under both peaks corresponds to Igss than a monolayer (6^%) of the 
charge for the (lOO) plane, assuming one electron per Nr ion for each peak, and an ideal- 
ized (l00)2^urface orientation with no surface roughness* The difficulty of converting all 
surface Ni ions to a higher valency state is not suzprising since complete conversion 
would probably involve very large surface excess charge* It is even possible that both 
peaks correspond to the Ni II - Ni III conversion with the marked difference in potentied 
due either to different surface sites with differing cheurge compensation by surface cT end 
oh"* ions or to induced heterogeneity arising from a large increment in the free energy of 
oxidation for Ni II ions adjacent to an Ni III surface ion* 

Another interesting feature is the extraordinarily slow rate of dissolution of the 
mosaic NiO(Li) in acid electrolytes and the pronounced potential dependence of the solution 
rate* At x*oom temperatures the dissolution rate in acid solutions (e*g*, 6 K H^SOi.) is 
typically a fev micrograma/cm -hr or less, making it possible to make use of this oxide 
as an electrode over very extended periods of time even in strong acids* To facilitate 
dissolution rate st\xdies, the dissolution kinetics have been studied in the author's 
laboratory at temperatures Just below the boiling points of the electrolytes* The dissolu- 
tion rate is entirely under kinetic control [90]* In solutions the dissolution rate 

passes through a maximum as the potential is made incre^ingly anodic (fig* 7)» in accord 
with the predictions of Engell [92] and Vermilyea [93] when the dissolution is controlled 
by the transfer of ions across the oxide-electrolyte interface* The maxitium should corres- 
pond to a shift from control of the dissolution kinetics by the potential energy barrier 
for cation transfer to control by that for anion transfer across the Interface. The theory 
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Fig* 7* Dissolution of iithlated nickel oxide in hcllum-Baturated 

I N HCl and I N H2S0^ solution at 95®C (89] • Symbols corre« 
sponding to different group of electrodes: 

©•Croup 1, (Cli)hs • 0.88%; o« a Group (Cli)ms * 0.26%; 

OGroup 2. (CLi>MS * 0.33%; ISGroup A. (Cli)ms « 0.12%. 

Dashed line: calculated from eq (1) with the following 
parameters: * 0.62, » -0.62, t£ • 15,000 pg/cm - 

h, » 1.68 V vs SHE. (Concentrations of Li in cation ^%, 
based on the slopes of the Mott-Schottky plots.) 

predicts Tsfel linearity on either side of the maximum. It is not possible , hovevert to 
identify the specific ionic species being transferred over the potential energy barriers 
from the observed Tafel slopes * which yield a n (a » transfer coefficient, n • charge of 
species). 


6. Og Electrocatalysis on other Oxides 


The anodic generation of Og has been examined on a number of defect metal oxides, prepared 
by thermally decomposing a metal salt (usually the chloride) with titanium as the substrate. 
Potential-current curves obtained by 0* Grady and Iwakura in the author • a laboratory are 
shown in figure 8 for a feg of these oxides (9^1. The cur rent- volt age curves at lower cur- 
rent densities (<10""^ A/cm*^) are strongly influenced by the intrinsic changes in valency 
state of the oxide even though the date were acquired with decreasing current with three 
minutes at each data point. Since the current densities ere apparent values, area differ- 
ences may have Influenced the relative positions of the curves* Of particular importance 
is the low Tafel slope (^#0* Oil V/de cade) for several of the defect oxides (e.g*, 

The behavior of the corresponding pure metals as 0^ anodes is distinctly different i^om 
that of the defect metal oxides in figure 8 even though^the metals are oxide coated at the 
potentials where Og generation occ\irs. Ruthenium metal is not stable as an Og anode in 
k M KOH. Active dissolution begins already at '^l.SV vs. RHE. 
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1 u ■ ■ I I I I 

10‘‘ l(T* 1(T* 10'* 10** 10*' 

Current density ( A/cm* ) 


Fig. S. O 2 generation on various metal oxldea. Anodic polarisation 
curves on metal oxides on T1 substrate In 02 ~saturated 
4 M K0H» obtained with 3 mln/polnt after polarisation with 
increasing current up to 0.1 A/cm^ (dashed line represents 
IR drop corrected curve for RuO^) (94] • 


The RuOj^ catalyst appears to be similar to that used for the dimensionally stable 
anodes for CI 2 generation [97] • ^Is oxide has been Investigated in some detail in the 
author's laboratory [ 6 l]« The 0^ generation reaction on RuO /Ti is first order in OH** over 
the pH range 11 to l4« Unfortimately the stoichiometric nuffloer cannot be obtained because 
of interference from the intrinsic oxldation*re duct Ion reactions of the RuO^ at low current 
densities near the reversible potential for the 4-electron reaction. 

O'Orady et al. [ 6 I] have found. that ^ the Tafol slopes are Independent of the catalyst 
loading over the ranges 10*“® to 10"^ moles Ru/cm^ and the apparent exchange current densities 
are approximately proportional to the catalyst loading over this range. Such a proportion is 
to be expected since the true-to-apparent area ratio is also approximately proportional to 
the catalyst loading. The Ti only acts as a substrate and does not have any directoeffect 
on the activity of the RuO per unit true area. For RuO coverage greater than ICT^ moles 
Bn/ CUT, ESCA did not indicate any Ti in the RuO^. ^ 

Several of the reaction paths for Og generation tabulated by Damjanovlc ( 76 J for acid 
solutions can have Tafel slopes corresponding to dV/d In i » 2RT/3F or 0.040 V/decade when 
modified to a form suitable for alkcdlne solutions. All have the commoo feature that the 
rate controlling step is a second electron rather than first electron transfer. With Judi- 
cious choice of HpO vs. OH** as the reactant in the first and second electron transfer steps 
or proceeding proton transfer steps, it is possible to have the kinetics also first order 
in OH**. 

With electrode surfaces Involving species with ionic character, O'Grady et al. [ 6 l] 
prefer to write the mechanism in such a way as to indicate the possibility of changes in 
the effective valency state of the catalyst sites. A simple mechanism con^atible with the 
observed Tafel slope and reaction order is as follows: 


3 


The next four paragraphs are quoted from reference 6l with only minor change. 
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step I: 


(X5) 


(SOH)* ♦ e“ (fast) 

(80H)**^ ♦ e“ (elw) (l6) 


folloved by eubsequent proeeisee yielding finally 0^ 
exenple. 

Step III: (SOH)**^ OH" S - 0-H— OH* 

-41 ♦ . ♦ I 

(son) OH 8 - 0-H— OH* 

Th« 0 itc 8 are probably Ru but also could be higher 
are probably hydrated although the waters of hydration are not shown in the nechanism* 

In*Step I the site 8*^ has been proposed by 0*Grady et al« to be a Ru ion of the oxide 
lattice* Step I involves the oxidation of the Ru to a higher valency state with partial 
transfer of electron charge from the OH species to Ru forming a (RuOH)* eoiqplex* Such a 
process should require much less energy than the formation of an OH free radical or a rather 
weakly adsorbed OH radical. Step II involves the further oxidation to (RuDH)^'^^p possibly 
followed by the formation of (RuO)^ before proceeding with Step III* The RuO electrode 
surface may have some of the same features as the Ru(HH^)cORu-(HH^)lORu(HH^)-^T'*‘ l6n^ re- 
ported by Earley and Razavi l95jt 96] to oxidize OH* homogeneously^o fora These species 
have the structure Ru-O^Ru-O-Ru’*^* Earley and Razavi have pointed out that Ru has a tend- 
ency to form species of coordination nuslter 7 and^that there are low'*lying antibonding s* 
orbitals which con accept electron charge from OH". Thus the (RuQH)^ intermediate (other 
species in the inner coordination sphere not shovm) seems reasonable *** 

From the applied standpoint, HuO does appear attractive for use as an 0^ anode elec- 
trocatalyst* While the exchange currents per unit true area are comparable to Pt in alka- 
line solutions, the much lower Tafel slope results in significantly lower overpotential at 
high current densities. 

Op reduction on RuO in alkaline and acid solutions appears to involve a peroxide 
mechanism [6l] although ft is possible that ’’parallel” mechanisms are involved. Pronounced 
hysteresis and a lack of stability of the oxide have interfered with kinetic studies with 
the rotating disk technique. 


and regenerating the site S for 


8* p MOH 
z 


8 




(17) 


HOH 


valency state Ru Iona. These sites 


t - “a. 


-a 


, kv 

Step II: (80H)* — 
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XETROOlfCTORY BACKOROUHD 

In water sir Jtrolyaers, ehstie losssa and 
eleetreds polarisation result in substantial leas 
of effielenoy in the use of eleetrleal energy to 
produce O 2 *nd Bren in nodem water elee- 
trelyrcrs operating below 200 Q, the cell temi- 
nal voltages at reasonable current densities 
0 100 nA/cm^) usually exceed the reversible 
(thermodynanio) values^ by 25 to 50 percent. To 
achieve acceptable operating effielenoies« it is 
necessary to restrict the current densities to 
relatively low values with corresponding inore- 
stents in the weight, volume, and cost of the 
electrolyaer. 

Some voltage losses, however, are usually 
desirable within water eleotrolyeers. The en- 
tropy change. 48. for the production of Kz and 
O2 from water is negative/ andp hence p the elec-- 
trolysls of water under reversible conditions is 
endothermic. Hie ohmic and electrode polariza* 
tion losses can provide this Td$ heat as well as 
the additional heat to offset heat losses to the 
surroundings with cells operating above ambient 
temperatures. 

For a water electrolysis cell operating at 
a cell terminal voltage of Ep the heat generated 
within the cell per mole of O2 produced is 

Q - 4p(E - Epey) +T4S - 4PE + 4II (1) 

where P is the Faraday. E^^y is the reversible 


2 reversible cell voltage for water 

electrolysis depends on the electrolyte, pressure, 
and temperature. For cells for i^leh the mole- 
fraotlon of water Is >0.C and the Og and Uz pres- 
sures are each <^1 atm. the reversible voltage Is 
1.25 V at 25 C and l.l? v at 100 C.. Per a pres- 
surized electrolyzer with 50 percent (by vreight) 
XCH and Og and Hg pressures of 15 atm, the re- 
versible voltage is 1.03 v at 264 C (2).^ 

^ Underlined numbers In parentheses desig- 
nate References at end of paper. 


oell potential, and 4K and 48 are the enthalpy 
and entropy ehangos for the reaction 

HgOC /) 2Hg + Og (2) 

The thonsenoutral potential, G^. is de- 
fined as th. value of E in equation (1) such tha 
Q > 0. Therefore. 

Sfn - -4H/(4p) (3) 

The heat loss from the cell ean be roduoed to a 
value low eonparod to 4H. and, therefore, the 
themoneutral potential represents ■ reasonable 
target voltage in reducing various types of 
voltage losses. Per water eleetrolyses cells 
with pure liquid water at 25 C fed into the oell 
and Hg and Og exiting at this aame temperature 
after passing through suitable heat exchangers, 
the themoneutral potential is 1.48 V{ for 100 C 
the value is 1.45 v. 

While several of the advanced electrolyzer 
represented in Pig. 1 have cell voltages olose t 
to the themoneutral potential at low current 
densities, all exceed this value by appreciable 



pig. 1 Cell-operating perfomanoes of various 
advanced electrolyzers (1,) 
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WlB» 2 Anodlo pelarlntlon eurves obtained gal- 
vaneatatieally with daopeaalng current density 
(3 nlnypelnt) in 4|{ BOR at 22 C. Curve a. 
high area Pt. Curve B. RuOj^ eoated VI electrode 
(Rtt loading 10*^ Bole^ea?). Dashed lines IR 
drop eorreoted 


smounts at the higher current densities which are 
attractive In most instanoes for oompaot eleetro- 
lysersi Thus, even eenslderlng the ttternoneutral 
potential. It Is attraetlve to find ways for 
further reducing voltage losses at high current 
densities. 

^ V 

PRESEtrr SVATUS OF O2 BCECVR0CAVADYST3 FDR vrAVER 
EDEOVROLYZERS 

In most water electrolyzers, polarization 
at the O2 anode Is the largest source of voltage 
loss. This polarization arises because of the 
Irreversibility of the eleotroohemleal reactions 
Involved In the fonnatlon of Og from oxygen of 
water. Three approaches are available for reduc- 
ing the electrode polarization at hi^, current 
densities: (a) electrode surfaces with hi^ in- 

trinsic electrooatalytle activity for the 0^ 
generation reaction; (b) ultra-high area eleetro- 
oatalysts; and (c) operation at elevated 't^ompera- 
tures. All three approaches have been applied. 
Nidcel has been most extensively used as the O2 
anode surface in water eleetrol/zers using con- 
centrated IlaOH or KOH as the electrolyte. Under 
operating conditions, a high area oxide film 
forms on the anode. The overpotentials at rea- 
sonable euzvent densities,*^ however, are still 
high ' ^.g. . 0.4 V at 100 mA/em^ at 80 C (£)] un- 
less the oells are operated at temperatures above 
175 C. This reciulres pressurization and further- 
more can lead to electrode stability problems. 

All current densities are per unit ap- 
parent area tmless otherwise Indicated. 


For life support systems for space , high 
area platinum is presently used for the snode 
e}.eo trees talyst. This surfaee has relatively 
high everpotentlal at moderate current densities 
even at normal temperatures (0.3 v at 100 mA/em^ 
at 22 C — see Fig. 2), but the everpotentlal Is 
still higher than desired and platinum cost can 
be a problem for some water electrolyzer applica- 
tions. 

CRITERIA FOR Og CATAl ^R WATER ELECTROLYZERS 

The present researoh represents an effort 
to find O2 anode catalysts superior to high area 
Pt. In evaluating eatalysts, four erlteria must 
be considered: 

Elec trees talvtle Aotlvltv 

Over a significant rat^e of current densi- 
ties, most electrode processes. Including the oxy- 
gen electrode, follow the Tafel equation; l.c. 


7 - E - E^ev - Bdog 1 - log 1^) (4) 


where u Is the overpotential, 1 Is the apparent 
current density, and B Is a temperature-dependent 
constant. The exchange current density, 1^. Is 
usually used as a criteria of catalyst activity. 
Since 1 Is many orders of magnitude greeter than 
Ip for all presently known O2 eleotrooatalysts. 

It is also important that the slope constant, B, 
be as low as possible. For the high area Pt 
electrode represented In Fig. 2, Ip Is x 10**^ 
A/om^ while the Tafel slope B Is <^0.10 v/deoade. 


Electronic Conductivity 

It Is necessary that the catalyst phase have 
reasonable electronic conductivity. With Pt 
electrodes, the catalyst phase is an oxide layer 
of several monolayers formed In situ . Present 
Indications CD Cfe that electron transfer through 
this film occurs by tunneling and Is sufficiently 
zlovr to contribute substantially to the oxygen 
overpotential. With catalyst layers or particles 
of the order of 10***^ cm, the resistivity must be' 
less than 10^ oh^cm. 


Stability 

This requires that the catalyst have very 
low solubility in ^e electrolyte, not undergo 
undesirable changes in valency state, and not be 
very susceptible to trace poisons. High area 
catalysts are usually Involved, and those must 
not undergo sintering or Osxmld ripening under the 
cell operating conditions. 
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c«Ulyst Co»_tj 

Vor noBfc lire*Bupport •pplieatlons* th* 
eatalyst cost 1b XUcBljr ,te b* m BBoondBiv eenBld- 
BVBtien provldtd «hB OBtBlyBt eoBb deoB nob oxooBd 
BOMB MBBOnablO VBlUB BUOh BS ^1.90 por WBbb of 
pover oonouBiod. Kron hoBVily leodod Pb oloobrodoB 
oro Bbill well below bhie figure ab reoBonable 
ourrenb denslbleB. The Bibumblon 1b quibe dif> 
ferenb for eomnerelBl waber eleobrolysera* for 
which eabalyeb coaba In exeeas of /o.0$ per wabb 
are probably prohlblblve. 

The preaenb knowledge of O2 anodic elecbro- 
cabalyais doea nob provide a abrong basia for de> 
elding which cabalyab Byabena are beab eandldabea 
for Bcreening. Deapibe exbenaive abudiea of O2 
generabion noably on Pb, tha reaobion meohaniam 
la ablll not well eababliahed. The O2 anode la 
auffleienbly irreveraible that bhe back reaction 
la negligible even ab low ourrenb denaltlea. 

Thia has made lb dlffleulb bo eababll^ bhe neoha* 
nlam for O2 generabion, ainoe only ateps up to bhe 
rabe-controlllng one (uaually bhe flrab eleobron 
branafer) can be exanined. l-leaaurementa near bhe 
reveraible potentiala are impractical because of 
competing reaoblena Intrinsic to the electrode 
surface and impurity currents. The extensive 
kinetic studies of O2 reduction have not proved 
very helpful, in understanding the anodic process 
because the reduction occurs at appreciable rates 
only at potentials very cathodic (by at least 
0.5 v) to those for 0^ generation. The surface 
conditions prevailing at these potentials are not 
the same, and, therefore, the kinetics and even 
the pathways can be expected to be different for 
the anodic and cathodic processes. To complicate 
the situation further, a large number of pathways 
are possible for O2 generation and reduction. 



Fig. y Polarlaation curves of various metal 
oxides on Ti aubsbrate oleobrodes in O^ ' 
saburabed 4jg KOR obtained by pseudo- steady* abate 
galvanosbabic method (3 min./poinb). Measured 
after polarised with increasing current up to 
10"^ A/cm®. T - 22 C 
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02 EIECTROCATALYSIS ON DEFECT METAD OXIDES 

Transition metal oxides head the list of 
promising oxygen anode catalysts since the transi* 
tion metal ions are expected to interact with 
various intermediates in the O2 anodic reaction 
and many have good electronic conductivity and 
good stability, particularly in alkaline electro- 
lytes. Rather than forming these oxides anodi- 
eally in situ on the metal electrodes, the oxides 
have been formed ex situ in the present study by 
thermal decomposition of transition metal salts 
on a suitable substrate, such as titanliwi. Oxides 
so fomcd have a highly defective structure and 
high internal pore surface area. Several such 
oxides have been found to be attractive. 

potential current curves are shown in Pig. 

3 for several transition metal oxides on a Ti 


Fig. 4 Effect of stability of adsorbed state B 
on the energy barriers for the process 
For bhe O 2 anode, see equations (11) and (12) 
for possible intermediates. 


support electrode. The curves ab lower current 
densities (<10~? A/cm^) are strongly influenced 
by Intrinsic changes in valency state of bhe 
oxide even though the data were acquired with de- 
creasing current with 3 min. at each data point. 
Since the current densities are apparent values, 
area differences may have Influenced the relative 
positions of t^e curves. 

Kinetic studies of 03 generation have usu- 
ally Indicated the first electron transfer step 
to be rate controlling. If the stability of an 
adsorbed Intermediate (e.g., tiie OK radlcul) 
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form«d in this step esn be Inereasedf then the 
rate control nay Shift to a later step, such as ’ 
the second electron transfer.^ With Og, generation 
on Ft, the sltviatlon appears to eorrespond to 
Curve I In Pig. 4. With defect oxides such as 
ruthenlun and Irldlun oxides, the situation ap> 
pears to eori<espond to curve IX. The principal 
evidence for such is the TSfel slope of 0.04 to 
0 . 0 $ v/deeade exhibited by these oxides in alka- 
line solutions, as compared with 0.1 to 0.24 v/ 
decade found with Pt. 

The behavior of the eerrespondliv pure met- 
als as Og anodes is distinctly different from 
that of the defect metal oxides In Pig. 3 even 
though the metals are oxide coated at the poten- 
tials where O 2 generation occurs. Ruthenium 
metal Is not stable as an O 2 anode in 4 JH KOH; 
active dissolution begins at <^ 1.3 v versus RHP. 

RDTHENIUH OXIDE A 8 AN O 2 ANODE CATALYST 

Of special Interest is ruthenium oxide, 
produced by the thermal decomposition of ruthenium 
salts on a titanium support. This catalyst com- 
bines high electronic conductivity with low oxy- 
gen everpotentlel at high current densities even 
at room temperature (4). Purther it has good 
stability in high area form in caustic solutions. 
The exchange current density is comparable to 
that of platinum, but the Tafel slope is consid- 
erably lower (0.04 v per decade of current den- 
sity) than with platinum (Fig. 2), resulting in 
lower overpetcntials at practical current 
densities. 

Experimental 

Oxygen generation on defective RuO,^ has 
been studied in some detail (4). The preparation 
of this oxide involves the thermal decomposition 
of RuCl^ on an appropriate metal substrate in a 
manner similar to that described in the patent 
literature (^) for- the dimensionally stable 
anodes (DBA) used in the chloralkall industry. 
Titanium metal was used for the substrate (99*93 
percent T1 supplied by Research Organic-Inorganic). 
After polishing the Ti wil^ emery and thorough 
cleaning, including degreasing by refluxing In 
Isoproponal vapor, the surface was coated with a 
solution of reagent grade RuCl^ (Fisher) in 20 
percent HCl. 

In order lio vary the catalyst loading on 
the electrode surface while maintaining an essen- 
tially constant preparative procedure, varying 

5 A specific mechanism Is proposed later 
in the discussion of i^e results for RuO,^. 


amounts of the original solution (O.IH Ru) were 
diluted to the same volume, and this solution 
then applied to the substrate in six repetitive 
coatings or alternatively the number of coatings 
varied. After each coating* the solution was 
dried at a moderate temperature (110 C in a dry- 
ing oven for $ min. ) and then placed in a pre- 
heated furnace at 350 C for 10 min. After the 
final coating, the temperature of the furnace 
was raised to 450 0 for 1 hr. The catalyst load- 
ings examined in the present woik ranged from 
10*9 to 10*9 moles of Ru per em^. Other substrate 
materials have also been oxaminedt namely gold, 
tantalum, platinum, .and nickel. The substrate 
has no direct effect on the electrocatalytle 
activity, expressed per unit true area of the 
RuOjj for catalyst loadings of 10*7 to 10*9 moles 
of Ru0j( per cm^ of geometric area. Titanium is 
prefetTed to Au, Ta, Pt, or N1 as a substrate be- 
cause the RuOx forms a more uniform and adherent 
layer on Tl. 

Tlie majority of the measurements have been 
carried out with 4j( KOI! prepared from reagent 
grade KOH (Baker, 0.2 percent carbonate) and triply 
distilled water (second stage from alkaline per- 
manganate). For the pH dependence studies, dif- 
ferent ratios of IN KOH and 0,5H K 2 SO 4 were used. 
For the rotating didc experiments, the solutions 
were pre- electrolysed In a separate Teflon cell 
betvreen bright nickel electrodes (7 em^ each) at 
a current density of 1 ma/cm^ for a minimum of 
24 hr with agitation obtained using purified 
helium gas (6). 

O 2 reduction as well as generation were 
studied on the RuO^/Tl electrodes using the ro- 
tating disk electrode technique* The rotating 
disk experiments were carried out in an all-Teflon 
cell ( 2 ) consisting of a main compartment contain- 
ing the woxking electrode and Uto separate eom-^ 
partments for the reference and counter electrodcsp 
both of which were ?d-K in the form of Pd dia- 
phragms supplied with Kg from the back side* The 
reference compartment was connected to the main 
working electrode compartment by a Teflon Luggin 
capillary positioned at 4 mm from the rotating 
dl^ electrode surface on the axis of rotation* 

The electrolyte in the main compartment was usu- 
ally saturated with purified O 2 gas 

A Vferking potentiostatp a linear sweep 
generator, and Houston x-y recorder were used to 
carry out the electrochemical measurements. The 
essentially steady-state polarization data were 
obtained with very slow voltage sweeps (1 nv/sec) 
and in some instances also with point by point 
measurements (o.g.^ 3 min* per point) as a check. 
The IR drop corrections , needed at higher current 
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NTtNHM. V* RHC (V) 

9lg, $ Cjrolle veltaBnesnn for RuOj^ on T1 oUb> 
■trato In N 2 MturattA 4 |{ KOR (eolld eurve) onA 
2 J| HCIO 4 (dahhod ourvo). Svoop ratot $0 nv/ 
aoo( oatBljrat loading: 1 x 10 *** au»lea 

toxporaturo^ 22 0 


densities > wera determined using the ourrent in> 
tennipter technique with a high pressure hydrogen, 
aeroury>wetted relay to Interrupt the current. 


Results 

Electrochemical Area . The Zn^^ ion udsorp> 
tion technique, , developed by Xosaua (|^) has been 
used to obtain an estimate of the ratio of true- 
to-apparent area for the RuO^ on Ti electrodes. 
This method Is preferred to the usual BEI measure** 
ments, since pores that nay not necessarily be 
eleotrochemlcally accessible may contribute to 
the BET areas. 

04, 

The Zn adsorption method la based on the 
oonoept that the Zxr^ will ion exchange with 
bound to surface 0*, releasing If^ into the solu- 
tion. The assumotion is made t^at the surface 
coverage with Zxi^ is near or at saturation and 
that the area per has a spec if io value, 

Kozawa has demonstrated the validity of the 
method for batters^ oxides such as 
Zn^*^ adsorption measured by the decrease in Zn^*^ 
concentration in a ZnCl2*' 1^401 solution and the 
area taken to be 17 per adsorbed Zn^*h 

In the present study, the Zn^*^ ion adsorp- 
ti ti was measured on the RuO^ coated flat titanium 
electrodes by placing them in a !IH4C1 solu- 
tion containing 0.005H Zn"^^ at a pH of 7.25. 
Ovex>night was allowed for equilibrium and an 
alloquote of the solution then titrated with EDTA 
using £*richrome Black T as the indicator. 

Using an area of 20 this method 

yields a ratio of true- to- apparent surface area 
of typically 60 to 80 for a catalyst loading of 
1 X moles Ru/cm^ of geometric area. Studies 
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Fig. 6 Effect of anodlo sweep limit on the 
eyollo voltansttograms of Ru oxide on Ti electrode 
in 4j1 KOR (N^ saturated). Sweep ratei 10 imr/ 
aeo; temperature: ^22 C 
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of the adsorption isotherms for Zn on dispersed 
RuO^ (without potential control) indicate Uiat 
the Zn^*^ adsorption is not at saturation under 
tl^e aforementioned conditions (^)o Therefore, 
the true-to-apparent surface area ratio measured 
by the Zn^*^ adsorption method can only be viewed 
as lower limiting values. 

Using krypton BET, Kohn and I^rtimer (10) 
found a ratio of 240 for their RuO^ on Ti eleo* 
trodeso V/hile the technique used to prepare 
their electrodes is similar to that in the present 
woxk, their catalyst loading is not specified. 
Since more concentrated Ru solutions (0,4j;l) were 
used by Kuhn and Kor timer for coating their elec- 
trodes, the thickness of the RuO^ coatings on 
their electrodes may well have been several fold 
greater. 

Voltammetry Curves for R^0J^ ., Typical slow 
sweep voltammetry exirves are rhown in Fig, 5 in 
N2**83^t;urated alkaline and acid solutions. Some 
minor features of the curves in the voltage range 
0.6 to 1,0 V are associated with the O2/K2O2 
couple. The peak at <^1,3 v in the alkaline 
solution is only slightly irreversible at the 
sweep rate of 80 mv/seo. At slower sweep rates 
(e.g., 10 my/sec), this peak is essentially re- 
versible with the anodlo and cathodic peak poten- 
tials coinciding. 

This peak, however, has not been observed 
for RuO^ on nickel or platinum or for the uncoated 
titanium. Thus, the peak appears to involve the 
interaction of the RuO^ with the Ti substrate or 
TlOy, This peak is much suppressed or almost ab- 
sent for mixed oxide layers of Hu <(- TI as well as 
Ru -f- Ir and Ru + Pt, produced by thermal decompo- 
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FiS* 7 of hydrogen peroxide on the oyolle 

volU'mogrtm of Ru oxide on Ti electrode In Ujt 
XOH (JI2 satumted)* Sweep ratet 50 nv/aeof 
tenperaturet *^22 0 


altion on a VI aubatrate. 

On the bnala of the voltanmetry curves* 
tite RuOy can be reduced and reoxldlaed over a 
substantial range of potentials In both sold and 
alkaline solution* The oxidation and reduction 
products appear to Involve a single phase In view 
of having the voltamnetry current density high 
over the wide potential range of the sweep rather 
than having the charge associated with a single 
voltammetry peak, even at very low sweep rates. 
The total charge associated with the area under 
the voltammetry curves In the cathodic or anodic 
sweeps between 0.1 and 1,4 v Is approximately 
0.1 c/cm^ of apparent area for the electrodes 
with 1 X 10*® moles Rv/cm^, or approximately one- 
tenth of that required to change the valency 
state by one electron per Ru atom In the oxide 
coating* 

Kozawa has reported that porous bulk 
hydrated RUO2 can be reduced rather reversibly 
over an extended voltage range when mixed with 
carbon In both alkaline and acid solutions. The 
Initial open-circuit voltage observed by Kozawa 
starting with near stoichiometric RUO2 was + 0*5 
V and *1- 0*8 V versus RHE for the anhydrous and 
hydrated materials# respectlvely« Even consider- 
ing the question of the reversibility of these 
potential measurements# It appears likely that 
the O2 evolution reaction on RuO^ on T1 occurs In 
a potential range where at least the surface Ru 
Ions of the catalyst are in a higher valency 
state than 4, 

A large cathodic peak was observed In the 
voltammetry curves for the RuO^^ on Ti electrodes 
In N2 saturated KOH solutions In the potential 



Pig* 8 Currant- potential data for HuO^ on Tl* 
Data obtained with sweep rate of 2mv/seo with 
rotating disk technique* Electrolyte: 4JM KOH 

(Op saturated): catalyst loading;^! x lO^^Jjj 
Ru7om^ (apparent area); rotation rate: 8800 
rpm; temp*:^?2 c* Soxld curve: anodic current; 

dashed curve: cathodic current 


range 0*5 to 0*9 v when the anodic limit of the 
sweep was extended beyond 1*4 v (Fig* 6)* Satu- 
ration of the solution with O2 rather than H2 in- 
creased this peak. The potential range corre- 
sponds to that expected to O2 reduction to HOg* 

The assignment of this peak to the reduction of 
O2 to peroxide was confirmed by adding the H2O2 
to the solution and observing oonplementary 
cathodic and anodic peaks (Pig, 7)* Thus# In 
alkaline solutions# O2 reduction on RuO^Tl elec- 
trodes involves solution phase KOg ss sn inter- 
mediate* 

E3CA and X-ray Piffmetion Measurements * 

An effort has been made to examine the relation- 
ship of catalytic activity to the crystal struc- 
ture# surface structure# and sample ibreparatlon 
temperatures* X-ray diffraction studies of this 
material indicate a rutile- type of structure simi- 
lar to that of single crystal Ru02» The x-ray 
results also Indicate that the eatalytlcally 
active material# which Is prepared at 450 C# Is 
not a well-crystallized sample* The x-ray lines 
are displaced from those of RUO2 as well as being 
m^oh broader* As the temperature of the sample 
prfi'paration is increased to 650 C# the lines be- 
come narrower and shift toward those of well- 
crystallized RUO2# Indicating either an increased 
ordering in the crystals or a growth In crystal- 
lite size, A further interesting result from the 
x-ray data for samples prepared at 65O 0 is a 
decrease in the Intensity of the lines due to the 
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Fl|{« 9 pH dependence of current density at 0.£9V 
vs SHE. In KOH - K2SO4 solutions with ■> 1 
temperature: *^22 C. Stationary electrode 


titanium metal substrate with a simultaneous In- 
crease In Uie Intensity of the lines due to VIO2. 

ESCA has been used to detennliie the eompo- 
sltlon of the catalyst surface. The surface of 
the catalyst was found to contain ruthenium in 
the four valent state and oxygen in the foxn of 
bound water* hydroxyl and C^", some residual 
chloride was also found. In the samples prepared 
at low temperatures (e.g. * 4^0 C)* there appear 
to be two forms of chloride while at the higher 
temperature, only one form. 

As the aforementioned changes occur, the 
catalytic activity falls off. Several explana- 
tions are possible Including: (a) the catalytic 

activity may be critically dependent on surface 
defects and the oonoentratloa of such surface de- 
fects Is greatly reduced upon recrystalllsatlon; 
(b) the growth of large crystals results In a 
large loss In surface area; and (c) the growth of 
a non-conducting TIO^ layer between the metal sub- 
strate and the RuOj^ layer nay lead to ohmic losses 
and an apparent loss of catalytic activity. 

Polarization Iteasuroments . Pig. 8 indicates 
the log current density versus potential data ob- 
tained potentiostatioally for a RuOj^Ti electrode 
with a very slow sweep (1 mv/sec) in 0^ saturated 
4j| KOH at a rotation rate of 8800 rpm. The 
hysteresis evident in this type of plot is very 
pronoixr.ced at low current densities because of 
the small currents associated with intrinsic 



Fig. 10 Exchange current densities for O2 gen- 
eration on catalyst loading forRuOj^Ti elec- 
trodes; temperature: ~22 0; electrolyte 4 M KOH 


changes in the oxidation state of the catalyst 
even at such slow sweep rates. 

The anodic branch for Op generation Is free 
of hysteresis effects above 9 x lO"^ A/en^ (ap- 
parent area) and eidilblts a Tafel slope of 0.040 
v/decade over three decades after IR drop correc- 
tion. Measurements In K0H-K2S0|f solutions of 
varying pH with constant K^ ion concentration 
Indicate a reaction order of 1.0 with respect to 
Oir for the O2 . generation reaction over the pH 
range 11 to 14 (Fig. 9)* tilth the electrode sta- 
tionary and control of the boundary layer by O2 
bubble evolution, an anodic limiting current 
density has been observed in the KOH-K2SOj^ elec- 
trolytes, which Is directly proportional to the 
OH" loh eoncentration from pH 10 to 14, amounting 
to ~0.02 A/em^ (apparent area) at pH 11.8. Above 
the limiting current density, the discharge Is 
from water with a Tafel slope of —0.19 v/decade, 
indicating a change In mechanism. 

Unfortunately, the stoichiometric number 
cannot be obtained for the O2 generation reaction 
In the alkaline solutions because of the Inteiv 
ference from the intrinsic electrochemistry of 
the RuOj^Ti electrode surface at low current den- 
sities near the reversible potential for the 
four- electron reaction. 

The Tafel slopes are Independent of the 
catalyst loading over the ranges 10“® to 10“5 
moles Ru/(im^, and the apparent exchange current 
densities are approximately proportional to the 
catalyst loading over this range (ETg. 10). Such 
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Rig. 12 Simplified representation of series and 
parallel mechanism involving peroxide 


a proportion Is to be expected since the true-to- 
apparent area ratio is also approximately propor- 
tional to the catalyst loading. 

Vhe current density passes through sero 
in the anodic sweep and increases very substan- 
tially cathodically during the cathodic sweep at 
approximately 0.90 v as a consequence of the O2 
- UO2 reaotlon. Vhe dependence of the O2 reduc- 
tion current density on rotation rate (f) at 
constant potential Indicates that the O2 reduc- 
tion Is under combined diffusion and kinetic 
control (Fig. 11). 

The rotating disk data can be explained 
(4) on the basis of the following two reduction 
processes: 


Reaction 1: 

O2 2e-' 

Reaotlon 2 : 


• k. 


HOg + H0“ 


HOg + HgO + 2e" 


->3H0“ 


(5) 

( 6 ) 


The possibility cannot be ruled out that 
some of the Og may also be reduced by a direct 
four-electron reduction process: 

Reaction 3: 

Og + 2HgO t 4e >3HO“ (7) 


KLceraoDg suamer 



Mg. 11 Dependence of current density on rotation 
rate for Og reduction on the RuO /Ti electrode. 
Electrolyte: 4 H XOHg (Og* saturated)! catalyst 
loading: 1 x 1(T9 moles Ru/em*r twperature 

22 0. (Open and solid elrolos correspond to two 
different experlnents) 


proceeding In parallel with reactions (1) and (2). 
Further measurements with the rotating ring-disk 
technique are needed to check this point. 

DISCUSSION OP Og REDUCTION AND GENERATION KINETICS 
OH RuO^Tl 

Since the cathodic and anodic branches for 
the oxygen electrochemistry on RuOj^Tl in alkaline 
solutions are distinctly different, the results 
for each will be discussed separately. 

Cathodic Branch 

The parallel and series reaetion schemes 
represented by equations (5) throi:gh (7) can bo 
considered as part of the overall scheme shown 
in Fig. 12 for alkaline solutions. The difference 
between the series and parallel mechanisms then 
is just a matter of the reversibility of the ad- 
sorption-desorption of HO^ (step C). If this 
step Is very irreversible.' then the parallel 
scheme is the more appropriate representation. 

The 40“ overall reduction of 0^ nay also 
proceed by a parallel reaotlon which does not In- 
volve a peroxide species on the surface. In view 
of the strength of the 0-0 interaotlon in Og . 
this seems rather unlikely. 

The assumption has been mai'# In Fig. 12 
that the Og must be first adsorbed on the electrode 
prior to the first electron step but the adsorp- 
tion may be electrochemical} l.e. . simultaneous 
adsorption-electron transfer: 

Og + e“ — > Og(ads) (8) 

or 

Og + HOH + e" -> HOg(ads) + H0“ (9) 

A separate Og adsorption step, preceding the first 
electron transfer step, however, provides a con- 
venient potential insensitive step to explain 
the small dependence of the Intercept l/i on po- 
tential in Fig. 11. The possible reduction of 0^ 
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•nd KO 2 without odiorption at a pealtien tduiva- 
lant to ^o eutor Holnholta plant hat not boon 
Included in Pig. 12 on the baaia that etrong in* 
teraotlen la required with the eleotrode aurfaoe 
for the eleetron transfere to preoeed at a 
reaaenable rate* 

inedte Branch 

Several of the reaetlen paths for O 2 gen- 
eration tabulated by Daajanovle (22) for aoid 
aolutlene oan have Tafel alopea oerreapondlng to 
dVd In 1 ■ 2 or 0.04o v/deeade when modi- 

fied to a form eultable for alkaline eolutions. 
All have the eonmon feature that the rate eon- 
trolling atep la a aeoond eleotron rather than . 
firat eleotron tranafer. tfi^ Judleious dioioe 
of H2O veraua Oir aa the reaetant in the first 
and second eleetron transfer steps or prooeedlng 
proton transfer steps* it is possible to have the 
kinetioB also first order in OlT. 

WiUt eleotrede aurfaoes involving species 
with ionie oharaeier* the authors prefer to write 
the neehanism in such a way as to indieate the 
possibility of changes in ^e effective valency 
stat« of the catalyst sites. A simple neehanism 
compatible with the observed Tafel slope and re- 
action order is as fellows: 

Step a: 

kg 

S*+0H" (SOH)* f e** (fast) (10) 

“-a 

Step b t 
*'b 

(SOU)* — > (SOH)*'*’^ +e" (slow) (11) 


Where B is the electrode potential against an ar- 
bitrary pK insensitive reference eleetrodet k » 
k.^» and k^ are the rate constants for Stops a 
and b at B > 0} and bhe transfer eoeffioient 

for Step b. Por the usual value oi' 0^ - 1/2, the 
ffafel slope then is (2in/3P) (2*30) or 0*040 v/ 
decade wl^ 1 first order in Oqu-* If Step b is 
followed by the reaction indicated by Step e* 
then the steichiometric number should be 2* V»- 

fortunately, the stoiehionetPlc number is not 
known experimentally. 

In Step a, the site S is a Bu ion of the 
oxide lattice. Step a Involves the oxidation of 
the Ru to a higher valency state with partial . 
transfer of eleetron charge from the OH speoies 
to Ru forming a (RuOH)* complex. Such a process 
should require much less energy than the formation 
of an OK free radical or a rather wedcly adsorbed 
OH radical. Step b involves the further oxida- 
tion to (RuOK)^^, possibly followed by the forma- 
tion of (RuO)* before prooeedlng with Stop o. The 
RuO]/Ti eleotrode surface may have some of the 
same features as the Ru(RH^)^0Ru-(llK3)i^0Ru(NK^)7‘*' 
ion, reported by Earley and Rasavi (22> ^ 

oxidise OlT homogeneously to form O 2 * These s{w- 
cles nave the structure Ru-O-Ru-O-Ru^*^ Earley 
and Razavl have pointed out that Ru has a ten- 
dency to fora speoies of coordination number 7 
and that there are low lying antibonding w* 
orbitals which can accept eleotron charge from 
OH**. Thus* the (RuOII)* interaedlatO' (other spe- 
cies in the Inner coordination sphere not ^own) 
seems reasonable. 
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followed by subsequent processes yielding finally The authors are pleased to acknowledge the 
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Step c; 


REREREKCES 


(SOH)*^^ OH" . S— 0-H— OH" S* 0 HOH 

+ —r* I — ► + I + 

(SOH)*'*'^ OH" S— 0-H— OH" S* 0 HOH 

(12) 


The sites are probably Ru but also could be 
higher valency state Ru ions or T1 ions. These 
sites are undoubtedly hydrated, althoi^gh the 
waters of hydration are not sltown in the mecha- 
nism. With the Step b rate controlling, negli- 
gible back reactions and the coverage of (SOH)^ 
and (SOK)*"*"^ low, the current density is 


1 


4P 


T ®0H" 


exp 


(14- 02)yH 

m 


(13) 
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Electrode surface studies by Leed-Auger* 

W. E. CGrat^ M. Y. C. Woo. P. L. Hogan*, and E. Yoagor 

Ctut Wnttn Untm VitlHnlif, Ctntkmt, OM» 44IC4 
l«<ktolwr l«M) 

The role the electronic end fconiciric ilrucluree of the metal eurface play .in 
ekctrocheniical lurfacc reactions remains as yet an unknown factor. In order to investigate 
these surface contributions to electrochemical reactions, a low*energy>clcciron diffraction 
(LEED) and an Auger electron spectrometer (AES) have been combined with an 
electrochemical thindayer cell (TLE). The surface to be studied elcctrochcmically is first 
characterised by LEED-AES and then transferred into a second chamber where it 
becomes part of the electrochemical thin-layer cell. Electrochemical reactions are then run 
on this surface. The sample may then be transferred back to tlie LEED-AES chamber for 
further characterisation. Data on l*t (1 1 1) will be presented. 


PACS numbers: 82.4S.-|-s. 82.6S.My. 82.6S.Jv 


INTRODUCTION 

Till* liyitrngon t'lcctriMlp ri'aciioii and the adMirplion of liy- 
ilriigen on platimim are the most extensively stiidieil elec- 
Iroclieinical reaclioiis,' The p.illi\vays and rnrres|M>nding 
rate vonstants for the overall eleelrode rearlion are fairly well 
esialilished.*' * Surprisingly, (he understanding of the bonding 
of the ndsnrlN‘d hydrogen is still ineoinplete and controver- 
sial.^'** The sourer of the multiple hydrogen-adsorption |)ealc$ 
otwervrd in linear sweep \'ollanunetry"nn Inith |Nitycrystalline 
and singte-eryslat surfaces still awaits explanation. Up In five 
«M*aks have Ihtii olwerved In acid electrolytes. The factors 
n hich have been pro|x>st.*d to account for the multiple peaks 
include chemically different adsorption sites on a particular 
crs’slallograpitic surface orientation, a dbtrihiitioii of different 
erystnl-siirface orientations even with a given single-crystal 
orientation, indiicerl heterogeneity associated with the |K*r- 
liirhation of adjacent sites by the ad.sorhed h)'<lrogcn itself, 
and llie ad.sorption of anions which create further surface 
lieterngcneity by blocking sonic sites and ix-rturliing adjacent 
sites. The .situation is further complicaterl hy the fact that in 
acid solutions tlie |Nitential of zero charge (l’7.(0'” for I’t falls 
within the hydrogen ,ndsorpt ion-desorption region. I’iiiis the 
adsorption-desorption of anions can cln.sely lie coupled to the 
hydrogen adsorption-desorption process. 

Single-crystal studies of liydrogen adsorption on Pt should 
make it |m.ssihie to resolve at least a part of the question of 
intrinsic heterogeneity ossociat<*d with different crystal faws 
versus sites of different adsorption energi«*s on a given cry.s- 
tallographic plane. Such studies have In'cii atteiu|>ted and 
have generally shown only changes of relative |ieak heights 
in the vnitanunetry curves. CIreat uncertainty exists, 
however, whether unique crystallographic planes were 
nchiex'e«l in these studies Iwcause of tlie high probability that 
the surfaw's re.vtrucliire<l after introduction into the electro- 
chemical envlroiuncnt. In virtually all instances, electnK.'he- 
inisls studying sitigli--cry$tal platinum have found it necessary 
to cycle tlie imtential of the electrmle to {piite high anorlic 
IMileiilials in order to o.vidize and de.sorh variou.s im|)urilies 
initially present on the siufacc.** I his tri'atinent leatls t<* the 
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(orination and reduction of an anorlic oxide film on the plat- 
inum and iherHore tlie prrdialile rcslnicturing U|miii return 
to tlie potential region of hydrogen adsorption. 

The present work repre.sents an effort to design an ex|N*rl- 
ment for the stutly of hydrogen adsorption on single-crystal 
platinum of known surface structure frt*e of "impurities.** 
1.KED and Auger s|M*ctroM.‘opy are used to establish tin- 
structure and coni|N>sition of the .single-eryslal surface, and 
thin-layer electrochemical teelnii<|ues are us(*d to electro- 
chemically characterize the siirfacr*. *i*he philosophy is that 
if one starts with a **truly clean** surface it is not nect*ssiiry to 
cycle the electrode into ixitential regions wlwre ri'structnring 
will occur liefore examining the elect r«K‘hemical adsorp- 
tion-desorption of hydrogen. Further, iluring tin* Iransft'r 
from the UlIV environment of the LEIuD-Aiiger system to 
the electrodiemical environment, the samide must be pro- 
tected from oxygen and other adsorbing sixties. To this end 
a S|K‘cial transfer system Ims lx‘i‘n de\’eln|x'd. 

This pa|X>r de.scrilx:s the design of the LEED- Auger eli*e- 
■trodiemical system, pretiniinary results olrlained with it, and 
complementary ex|x>riments with conventinnal electrn- 
cheniicai ifechnitpies. 

EXPERIMENTAL 

Tlie LFJCD-Auger ekvtrochcniical system used in this work 
is shown .schematically in Fig. 1(a). It is com|x>sed of two 
oll-metal UlIV (i0~** Pa) systems, one housing the LEEO- 
Auger-electron-spectromeler (AIsS) and the second housing 
the electrochemical thin-layer cell and other siinipte prepa- 
ration metlxxls. The two chamix’rs are completely isolated 
hy an all-metal liakeablc vals'c through which the .sample is 
transferred. 

The LEED-AlvS is a standard Varian retarding field ana- 
lyzer. The sample holder is a nwKlified Varian manipulator 
which allows the .saiiqile to lx* remos'cd for transfer to tlu- 
second chainlwr while retaining the features of ctKiling the 
sample to KM) K and heating it to I -lOO K. 

in theseeon<lehamlK*r is a liqiiid-nitrogeii-cixili'd mani|i- 
niator which allow s tlx* sainph* to lx* reinovnl fix transfi-r and 
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also |K>sili*>ns llic saiiipic f«»r argon-ion spiiUcring or for ii50 
in lilt* lliin-ta>’(>r cell. The transfer of the sample from the 
IJ‘'KI) -AF5 eliamlwr to the eleclrwheniieal chainher anti 
hack is aecoinplisli<-il hy a spring elip lioMer inouiitetl on a 
uand wliieh is inanipiilaifd magnet ieally from outside of the 
vaeinini system. 

I)elails of the elirlr<*l> te injeetion and thin layer cell .sy.«l<‘in 
aresliow iiselieniatiealK liil'jg, |(h). TlieelectrolyliMiMal in 
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the present experinunls was 0.1 A' IIjSO^ prepared wilh 
ultra-pure acitl (Baker Ullrex II 2 SO. 1 ) and pyroly/ed water 
after the nietluKl <»f Ctuiway.*'* After deaerating and pre- 
electrolyzing for 2-t h in an all-glass ve.ssel the electrolyte is 
introduced Into the thin-layer cell l»y an all-Teflon-gla.ss sys- 
tem. ‘llie inieronieter S)ringe is filletl with electrolyte, the 
llirt'c-svay valve is ssvitelusl. and several mieroliteisof .vtiution 
are plat eti on the |Mllailiuni eoiinti r-referenee eltn tonle. I Im* 




Ikiltudiimi h |In*ii ImNii'lil w|» iIn* |^I<‘ valve 

into ntiitiici M'illi iIh* fiiriiiiMi* llit* tiiiii'liiyer rell. Ik** 
fiwe iIk* l•l<•«■lrolyl<* it lir«Mi|;lil iiiln c«Milai‘l willi iIk* xinghv 
rryMsil elirirtNli*, IIm* two (*l«‘t‘lr«Nlc» art* (iiiiiH*t‘l4*tl In llic 
|M4t*iili*M.it tt illi a rHXMl rt*«M*Nr at*rii» IImiii ami iIh* a|i|tliitl 
|Nilt‘iilitil ailjHtlt*tl lo a value In iluf tlmil»lc*la>er region -100 
inV versus rcverslhli* liytlrogcii clt*clr<Hlc (IIIIIC). Tills pri** 
vrnis any fiossiblr rtrursion of llic |ilalinunt rIrctriKle into 
an midixiiig |xtlcntial nfduii uiid lienee possililtf rcsiriicliiring 
of llic riecirodc tiirfavc. 

Tlie clioire of llie lliin-layer Iccliniqiic for lliest* experi* 
inenfs is tlivlaletl by several favlors. Tlie first is llit* small 
vtdiinie of eleelrotyle wliicli is inirodiictti into ibe cell and 
lienct* the vacuum system— only about I0~’’ ml. Tlic st*contl 
is tlie conceiilratioii of im|iurilie$ wbicb may In* loleralctl. For 
most impurities to form a monolayer on tlie siirfaec ap* 
prnximately 10"® mote/cni^ arc rc*c|uire<l. If the 10"® moles 
originate from tlie solution in tlie cell (10"® ml), tlie coiicen* 
Iratioiiof tlie impurity wliiclicaiilictnterateii is of tlie order 
of 10"® inotnr (A/), wliieli is a liigli impurity cniiceiitralion. 
Hence tlie tbiii*layer cell is far le.ss susce|itible In impurity 
eoiilainiiiiilioti than tlie mirmal eleclriiclieuiieal e.\|)erimenl. 
Till* use of the tliiii*ta>'er cell in eoiijiiiiclion will'. l.,EKi>- 
Aiiger u'AS first siiggesttHl by Hubbard.* * His version of the 
teeliiii(|iie has one severe drawlraclc, and that is the necessity 
of a eapiUary connecting the outside reference electrode lo 
tlie cell inside the vacuum. This problem has been overcome 
in the present e.xperimeiits by coiiibining the counter and 
reference electrodes as a single palladiiini-hydrogen*alloy 
eli'lIrtHic.*® It should Ix'iHitcd tluit tliiseh'ctrode surface must 
Ik* as clean as the electrode surface U-ing stutlied. Therefore 
the surface of the counter-reference electrode is aim cleaned 
by argon-ion sputtering and then maintained in a hydrogen 
atiiiosplicre prior In its use. 

The cxjicrinteiital procedure u.sed is as follows; 

). The platiuuni satH|dt‘S are introduced into the sample 
preparation chamber. 

2. The system is evacuated and bahed until the pressure after 
cooling is in the 10"® I*a region. 

3. The sample is argon-ion sputtered. 

4. The sample is transfered lo the LEED-AES chamber and 
the Auger .s])cclrum is recorded. If it is clean, the sample 



I'MJ 2 („f imlycrysliiltiiH* !’• tl I.V ll;>S 04 in a vmnvn- 
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!1. VnlliimiiNiaMmfiii iitlyciyUjIlim* i*l iitWIN tt.*»0| in <i lllin•^ty••r 
rt’ll tvilli IM II ttHMilit-ii'lvitiiu' 4'll■vtr•lll«■ IO*'*t‘ia). riilr 20 
mV/» 

is annealed at 0110“ C. the Auger is clieclied for cleanliness 
ond the EKED |>allern otiserved. If it is not clean, it it 
respultered. 

S. The sample is |In*u relnrnetl to the prcparnlion ehamlx*r 
and iKisitioned in the Ihin-laser ei*lh 
G. 1'hc preparatiiHi ehainlH*r is brought lu almnspheric 
pre.ssure with purifi<*d argon, 

7. The electrix'heinieal eharaeleri/alion of the sample is 
carried out. 

8, 1’he preparation ehainlx*r is then re-evaeualetl and the 
sample returned to the first rhatnlM*r for furlli<*r chaaic- 
leri/.ation l>y LI‘‘KI> and Auger. 

RESULTS 

The use of cyclic voltammetr>' t<i characlerixe platinum 
surfaces is now well d<K-iimeiitt‘tl*® and a typical K'an is shown 
in Fig. 2 using a comentional eht'trochemical cell with s|xi-ial 
precautions In minimize impurities, Prior to the present lime 
however, voitniritnngrainsof this quality have generally not 
been olitaiocd for hydrogen atlsnrption on Pi using thin-layer 
techniques (see e.g., lief. 16). In Fig, 3 is .slxnvn a typical cyclic 
vollammogriiin oliluined on Pt in 0. 1 iV I l«SO.| using the Pd-I I 
counter- reference eleelriKle in a thin-layer cell. All of the 
features in both tlie hydrogen ad.sorplioii-de.snrplion region 
and the oxide forinalion-reduclion region are reproduced. 
With this verification of the leehni(|ue it now becomes |kis- 
tiblc lu utilize the thin-layer cell in meaningful studies of 
hydrogen clectroi'heiiiistry in combination with LEED and 
Auger. 

In the initial ex|K‘rinients a Pt (1 1 1) surface was cleaned 
completely of carixm and tin* l)'pie;d Auger sixx'truni and the 
LEED pattern for clean plaliniiiii were obtained. However, 
when this srimpte was plami in the thin-layer cell, difficulties 
were enconnl<*retl in forming a .stable elecirtilyte film lx*lwtH*n 
the two electrodes, and hence no reasonable cyclic voltain- 
tnograms were olitained in the.se initial ex|x>rinients. With 
very ehran polycryslalline phitiiniin surfaces Kockris and 
Calian*^ foiiiKl thin films of electrolyte broke up into 
Imads. 

A second set of extx'rinieiil.s wen* run on Pt (I I i), which 
was deanetl as pn*viotisly ih serilx’d. Then a carbon layer was 
deliberalidy dc|H>sil('d on the surface by irradiating the ( ’.O- 
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CNERor (tv) 

Fns. 4. Aiifipr i|MHlr«iin fnr lurliidly I'lraiNti it {II I ). * 

cov»*r«l Pi Mirfacx‘ »vllli cliH'lr»iis at a lcmpi>raliirc of 
<J 50 '‘C'** It lias bct’n stiggcsl'Kl tlinl Itiis type of cartwii layer 
is quite iiiiiforiii on Itio surface.'*' Tiie Augev sjicclruiii is 
stimvn ill Fig. 4 . The amount of carlxin on tliis surface has 
Ixvii cslimalcit to lie 0.3 of a mniuilayer, following the iiiclliml 
of (’hang. This stuiipic wa.« then piaced in lluf lliiii>la)'vr cell 
and the cyclic vollainmngram was olitaiiU‘fl fnr the imlcntiul 
region ■fO. 4 - 4 ' 0.040 V (lUII'’), as shown in Fig. 5 . 

The anodic |H*ali curres|ionds to the near reversihie nxida- 
tioii of the 1 13 produced in |Ik> eleelrolylc during the calliiKlic 
sweep. Surprisingly, there Is no evislence of either weakly or 
strongly Ixnind liyclrogen, peaks I and II. re.'s{‘cellvely, in Figs. 
2 and 3 . Note that the current density st‘alc is greatly o.\pandcd 
over that in Figs. 2 and 3 . 

Severci possibilities e.\isl to r.splain the iH'havior of hy- 
drogen udvirption in this care; the sites for lijxlrngeii ad- 
sorption cfiiild Ik* cninpletely hliK'ked liy tlie carlmn hut this 


scftiM unlikely since tin* enrlNm l.« in'lievetl to In* |iresenl 
well Im>Iow iiNnwdayer biihhmiIs. Tlie sectNni |iov%ili{lity Is (I 
pi*rlnriMlionof IlieeleilnHilestriK'InreMf tin* It surface sm 
llial IIh* liytln^ti can ihi baiger adsorlib Tlib laissiliilily eann 
Iw rilled iHit at this lime. However, llie lla oxidation . 
to lie esiieiiliully reversihie. which islulieea|M*cled v>Fi *'vi 

not on carlNNi or graphite.^ 

llic inqilicatinii is that hydnigen iloc*s not ek*^roclH*mieall 
adsorb on It ( 1 1 1 ) in appreeialde ainoinils. This remains I 
lie verifii*il Init certainly has major Implicat ions fnr llie elec 
Irocliemistry of hydriigni on It. Iferiouiek ami StHiiorjaF' liav 
fonml that hydrogen diN*s not adsorb on It ( 1 1 1 ) from tlu'ga 
phase. 

Tlic question may lie nskcil Iww 1 13 can lx* oxidiml m*arl 
reversibly to ll^iiui mi Pt ( 1 1 1 ) if llM*rcis iioevids'iiccof ap 
precialile amoiinlsof adsorlied hydnigetilii the voltamiiirtr; 
curve. Workers coneerned with hydrogen overvollagp 01 
platinum''''''’’' have already postulated llial the adsorlxil hy 
ilrogcn involvetl in the II 3 formation step is at a very low 
coverage in order to explain tlic kinetics The ohsers'ation o' 
near reversible 1 13 oxidation and formation on the It Jill 
despite the absi‘nrc of hydrogen tulsor|itinn |xxiks is eoiuisten' 
with this view. 

All estimate of the double-layer capacity of thin Pt (I I F 
slirfaiv. partially covered with earUm, can lx* made from the 
change in the current attending the shift from aiuKiictoca- 
thmlic sweitp. tlie value olilaincd is I 2 pF/cni^, which ap|x*ars 
to lie a quite reasonable value. 

Efforts are in progr<*.s.s to examine tlie Pt ( 1 1 1 ) and other 
orientations of platiniiin free of impurities. 
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Tht ndiorption of hydrogtn on tho plotinum oloc« 
trade hu been the subject of extensive investlgetion 
[see. e.g.. Ret. (1-10)]. Meny questions persist, how- 
ever, es to the true neture of the multiple hydrogen 
edsorption peeks observed in lineer sweep voltem- 
metry studies of single crystel es well es polycrystel- 
line pletinum. Up to five peeks heve been observed 
(10) in uUrepure dilute sulfuric ecid electrolytes. 
Fectors which heve been proposed to eccount for these 
multiple peeks include different edsorption sites on e 
given crystellogrephic plene, e distribution of surfece 
crystellogrephic orientetions even with e given single 
crystel mecro-orientetion, induced heterogeneity as- 
sociated with the perturbing of adjacent sites by the 
adsorbed hydrogen itself, end the edsorption of anions 
which create further surface heterogeneity by block- 
ing some sites end perturbing adjacent sites. The situ- 
ation is further complicated by the feet that in ecid 
solutions the point of zero charge (pzc) for Pt falls 
within the hydrogen adsorption-desorption region. 
Thus the adsorption-desorption of anions can closely 
couple to the hydrogen adsorption-desorption process. 

In considering the role of oxyanions Conway and his 
co-workers (10) have examined both their own linear 
sweep voltammetry data and that of others and con- 
clude that anion adsorption changes the relative heights 
of the hydrogen adsorption peaks but has relatively 
little effect on the peak potentials, and hence, adsorp- 
tion energies. On this basis they conclude that the 
anions principally affect the distribution of adsorbed 
hydrogen on the surface but do not disturb significantly 
the adsorption energy for a particular type of site. In 
examining the dependence of hydrogen adsorption on 
Pt on the electroljrte, however, we differ with this 
inclusion and find that ionic adsorption substantially 
shifts the potentials In addition to the relative heights 
of tbe peaks. These effects appear well beyond what 
can be explained on the basis of simple blocking of 
hydrogen adsorption sites. 

The purpose of this note is to present experimental 
data to substantiate this view. Despite the relatively 
large amount of data on ion adsorption effects, we have 
found it necessary to obtain additional data to more 
clearly establish the trends. Much of the data in this 
literature has been obtained by adding various ionic 
components to sulfuric acid solutions. The HS04~ 
and/or SO«° ions, however, are moderately strongly 
adsorbed on Pt in the hydrogen adsorption region as 
the present work indicates, and this complicates studies 
of the adsorption of other ions in this electrolyte. The 
present study shows that HCIO4 and HF are better 
reference electrolytes for anion studies. The measure- 
ments have also been extended to alkaline solutions. 

* Electrochemical Society Active Member. 

Key wordtt hydrogen adsorption* platinum* electrosorption* 
voltammetry* hydrogen electrode. 


Relatively little data have been reported for hydrogen 
adsorption on Pt in alkaline solutions and even then 
much of this has been obtained by charging techniques 
(8, 9) which do not show up well the fine structure in 
this potential region. 

Experimental 

C!onventional techniques were used to record the 
linear sweep voltammograms. For all work herein re- 
ported the sweep rate was 100 mV/sec and the volt- 
ammugranu recorded after several cyclic sweeps. The 
measurements were made in an all-Tefion cell, consist- 
ing of a main wrrking electrode compartment and 
two separate compartments for the reference and coun- 
terelectrodes. The working electrode was a 0.5 cm disk 
of reference grade Pt (09.099% pure) mounted in 
Teflon. The reference and countereleetrodes were 
fi-Pd-H using Pd foils charged continuously with puri- 
fied Hs from the back side. Os was removed from the 
solution by bubbling purified helium through the cell 
prior to measurements. The cell was mounted in a 
Ns-atmosphere box to prevent CO2 and dust contami- 
nation of the electrolyte in the filling of the cell and 
to eliminate any possible diffusion of Os into the cell. 

The working electrode surface was first polished with 
alumina to a mirror finish, washed with distilled water, 
degreased with spectra grade isopropanol, cleaned with 
1:1 volume ratio HsSOs-HNOs (reagent grad^?*), 
rinsed with triply' distilled water followed by pyro- 
lyzed water, further cleaned with ultrasound In a 
solution of the same composition as the electrolyte to 
be used, and then either introduced into the cell or 
stored in pyrolyzed water. All of these operations were 
carried out in carefully cleaned Teflon vessels. This 
procedure was repeated for each new electrolyte. 

The acid solutions were prepared with ultrapure 
acids (Uitrex H2SO4 from J. T. Baker, ultrapure 40% 
HF and 85% H3PO4 from Apach'^ Chemicals, ultrapure 
70% HCIO4 from Ventron Alfa Products) and pyro- 
lyzed water. The latter was prepared according to the 
procedure described by Conway et al. (11) . The H2SO4, 
HCIO4, and HsP 04 solutions were prepared in cleaned 
glassware and used withov^ further chemical treat- 
ment. All HF solutions wc4o prepared in Teflon bottles. 
The HF solution was first made up as lOM and sub- 
jected at this concentration to activated charcoal puri- 
fication, principally to remove trace chloride. Omission 
of the activated charcoal purification had no significant 
effect on the results. The solution was then diluted 
down to desired concentration with pyrolyzed water. 

Solutions of 0.1M NaOH were also prepared in Tefion 
bottles and subjected to the activa* d charcoal purifi- 
cation. A 50% stock solution of NaO-i was first formu- 
lated from special low carbonate NaOH pellets (J. T. 
Baker) with triply distilled water. This solution was 
allow^ to stand over several weeks and the solution 
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' decanted many Umee to remove precipitated NatCOj. 
The carbonate eoIubiUty in 80% NaOH it and 

the carbonate com^mtration in the 0.1M NaOH ahould 
be <«8 X lO-tlf. 

Before each meaaucement, the Anal aolution was pre- 
rtectrolyaed at a potential of 1.8V between two auxili- 
ary Pt electrodee (4 x 8 x 0.01 cm) within the TeAon 
cell for at leatt 84 hr for acid eolutfona and 48 hr for 
the NaOH aolutiona. 


Reiulle 

Flgurea 1 and 8 Indicate the voltammetry curvea for 
0.1M HF and 0.1M HCIO 4 as well at the effect of adding 
successively increasing amounts of HsS 04 to these 
electrolytes. Only the hydrogen region is shown tor 
purposes of clarity, but the sweep in the anodic direc- 
tion was continued out to 1.4V vs. RHE. The curves for 
the HF and HCIO 4 solutions resemble each other 
closely. The addition of HsS 04 to either of these elec- 
trolytes has a substantial effect on the hydrogen ad- 
sorption region with respect to the position as well as 
relative height of the strongly hydrogen peak 

IV [Ha4> using the notation oi: 'V :;y et cl. (10)]. 
The addition of up to 0.1M KV / how- 

ever, has virtually no effect or. * o : >ax c!g(;n adsorp- 
tion. This implies that undlssouiat<ici IIF as well as F~ 
are not adsorbed to any signiAcant extent with the 
presence of SO4*-. Figure 3 compares the curves for 
0.02M HaS 04 and 0.14M HF, both of which have essen- 
tially the same pH. The shift in potential and incre- 
ment in height of peak IV is similar to that noted by 
Frumkin et at. (6) although Fig. 3 shows clearly four 
peaks for the H2SO4 solution while the earlier Soviet 
work indicated only two. This figure indicates that the 








POTENTIAL (V) vs RHE 

Fig. I, Vsltammogram* for Pt in O.IM HF witf variout concen- 
trotioM of H 2 SO 4 oddtd. — • O.IM HF, -• •- O.IM HF + 5 X 

10-*M H 2 SO 4 , — 0.1M HF + 5 X 10-«M HiSOt, O.IM 

HF 4- 5 X 10-»M HiSOt, ... O.IM HF + 5 X 10-*M HjSOi. 




POTENTIAL (V) vs RHE 


Fig. 2. Voltammogrmt for ft in 0.IM HCIO4 »W» vorioui eon* 

eontroflont of H2SO4 oMod. 0.1M HCIOi, — O.IM HCIO4 

+ 5 X 10-«M H 2 SO 4 , 0.1M HCIO4 + S X tO-*3M H 2 SO 4 , 

. . . 0.IM HOO 4 + 3 X I0-*M HaSOs. 


principal differences between the HF and HaSOo solu- 
tion are not due to pIL 

In voltammetry studies of the hydrogen peaks in 
H 2 S 04 solutions reported in the literature, peaks I, III, 
and IV have usually been observed in the anodic sweep 
but only peaks I and IV have shown up in the cathodic 
sweep. Various explanations have been proposed to 
explain peak III in the anodic sweep, and particularly 
why peak III is missing in the cathodic sweep (7, 10, 
12-14). In the present work the counterpart of the 
anodic peak III is evident, in the cathodic sweeps in 
O.IM HF (Fig. 1) and 0.1M HCIO4 (Fig. 2) although 
not in the H2SO4 solutions (Fig. 3 and 6) or 0.033M 
H3PO4, (Fig. 4) which rather closely resembles H2SO4. 
The lack of peak III in the cathodic sweq^ in the H2SO4 
H3PO4 solutions is probably due priwipally to the 
strong overlap of the other more predominant peaks. 

Figures 5 and 6 indicate the effects of HCl additions 
to 0.1M HF and 0.5M H2S04. Peak IV in both the HF 
and H2SO4 is shifted substantially in the cathodic di- 
rection. The shift amounts to —120 mV with lO'tM 
HCl in the O.IM HF solution. This shift is quite linear 
with the log concentration of H2SO4 r" HCl added to 
the HF or HCIO4 solutions as shown in Fig. 7. Such 
linearity may arise because of the logarithmic nature 
of the anion adsorption isotherm. 

Cations have much less effect on the hydrogen ad- 
sorption on Pt in acid solutions. The addition of chlo- 
ride-free (C2H5)4NF to the HF solution shifts peak 
I in the anodic direction and peak IV in the cathodic 
direction (see Fig, 8), whereas the addition of CS2SO4 
to H<iS04 only slightly shifts the weak hydrogen ad- 
sorption peak I in the anodic direction (Fig. 9). The 
addition of either 5 x 10 Na2S04 or 5 x 10 -^M 
Li2$04 to 0.05M H2SO4 has a negligible effect as is 
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rOTEKIIAL (V) VO RUE 
Fig. 4. VoUammegrom for Ft in 0.033M H 3 FO 4 

aloo the case with the addition of 5 x IQ-'tM Ba(C 104)2 
or 9 X 10-4M Sr(C 104)2 to the O.IM HCIO 4 . 

The hydrogen adsorption region is quite different in 
alkaline solutions (see Fig. 10 and 11). Only two peaks 
(A and B) are clearly observed. Peak C corresponds to 



FOTEMTZAL (V) vs RHE 

Fig. 5 . Vellaimriogrami for Ft in 0 . 01 M HF with vorioui conron* 

trotient of HCI addod O.IM HF, O.IM HF + ’ 0 ~>M 

HCI, 0 . 1 M HF + 10 -<M HO, O.IM HF + I 0 -»M 

HO,...O.IMHF + 10 -*MHO. 

the anodic oxidation of solution phase H 2 produced 
during the cathodic sweep. In contrast to the acid 
media, the positions and heights of both peaks A and B 
at e substantially influenced by the addition of Ba(OH)a 
or Ca(OH) 2 . The addition of P", CIO 4 -, POo"*, 
S 04 ~*, or SiOa~* up to 10~*M had no detectable effect 
and 10~’Af Br~ had only a slightly perceptible effect. 
The psc in the alkaline solutions even in the presence 
of these various anions is probably still quite anodic 
to the hydrogen adsorption region, and thus specific 
adsorption of these anions is small in this region. With 
a strongly speciflcally adsorbed anion such as I~ in 
alkaline solution the effects on the hydrogen adsorption 
peaks are pronounced (see Fig. 12). Tracking of the 
peak shifts in position vs. height changes, however, is 
rather difficult with the data in Fig. 12. 

Diicuisien 

It is difficult to explain all of the anion and cation 
effects in acid and alkaline solutions on the basis of 
a single model for the interaction of the iotu with the 
hydrogen adsorption. The situation is complicated by a 
lack of a clear understanding of the extent to which 
various structural features of the electrode surface are 
responsible for the several hydrogen peaks, i.e., the 
importance of intrinsic vs. induced heterogeneity [see 
e.g., Ref. (10)]. The addition of various cations and 
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FOTENTIAL (V) vs RH£ 

I. VollamsMtramt for In 0.SM H 2 SO 4 with vorloHi con* 
cOTlrotioni of HCI a46ai. ——ASM H 2 SO 4 , — •— 0.SM H 2 SO 4 

+ tO-OM HCI, — OJM H 2 SO 4 + I0-4M HCI, 0.SM 

N 2 SO 4 + I0-*M HCI, ... ASM H 2 SO 4 + <0-^M HCI. 


anions to electrolytes such as HF and HCIO4 can bring 
about changes in the structure of the hydrogen adsorp- 
tion region in the voltanunetry curves in a number of 
ways: 

t. Blocking of sites tty anion adcorptUm and coupling 
of hydrogen adsorption and union desorption. — Specific 
adsorption of ions, particularly anions, can block sites 
on which hydrogen otherwise would be adsorbed. For 
hydrogen to adsorb on these sites requires the desorp- 
tion of anions with the result that hydrogen adsorption 
and anion desorption are coupled. Such coupling can be 
expressed through the following equation 


+ (ysH + v*)e- -♦ + X“* 

This effect can lead to a shift in the peak potential as 
well as peak area. Strong anion adsorption makes it 
more diflicult to adsorb hydrogen and hence a shift to 



Fla. 7. Ths shift ef stroealr heuad hr4r»|*s a*sh potsallol at 
e fsscHes of tho cesicootratlee of adA4 onions. Corvo I, AIM 
HF + H 2 SO 4 ; erne 2, AOIM HCIO 4 + HsSOs; curve 3, AIM 
HF + HCI; curve 4, OIM H 2 SO 4 + HCI. 
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Fi 0 r 8 . Voflammogroms for ft In 0.1M HF with (C 2 H 5 ) 4 N**' 
cotions added. Curve 1 « 0.1M HF ond curve 2, 0.01 M HF -f 5 X 
10-3M (C2H6)4NF. 


more cathodic potentials should occur for the particu- 
lar peak(s) involved with such coupling. 

Evidence for this effect is to be found in Fig. 13, in 
which the ratio of the charge associated with the strong 
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Tif. f. Valfommofranit far ft in ftOSM H 2 SO 4 with Ci’*’ collons 
Curta 1, 0.05M H 2 SO 4 oni curva 7, O.OSM H 2 SO 4 + 5 X 
lO^^M ChSOi* 




Fis. 10. Vottommoaroif^f for Ft in 0AM NoOH with Bo^'^ 
cotiont oddad. Curva I, 0.01 M NoOH ond curva 2, 0.1M NoOH 
+ S X 10--5M Bo(OH)2. 




Fig. 11. Voltommogroint far ft in NoOH with CoB> cotioni 
oddad. Curva 1, 0.1M NoOH ond corvo % 0.1M NoOH + S X 
lO-'SM Co(OH)2* 

hydrogen adsorption peak to the total charge for hy- 
drogen adsorption is shown to increase linearly with 
the log of the concentration of sulfate added to the 
0.1M HCIO4 and HF electrolytes. The speciAe adsorption 
of the 804**^ should follow a Temkin isotherm over 
this concentration region, and hence the amount of 
speciftcally adsorbed sulfate is expected to be a linear 
function of the log of the concentration of this ion in 
solution. The linearity in Fig. 13 implies that the 
charge ratio is linear^ dependent on iht amount of 
specifically adsorbed In principle, the coupling 

mechanism proposed above should lead to a linear 
dependence of the charge Qiv under the strong peak IV 
on log C 804-2 and not the charge ratio Qiv/Q. It is 
difficult, however, to ensure that the ratio of true-to- 
apparent electrode area is constant between measure- 
ments and hence it has been preferable to plot Qiv/Q> 
Since the Qiv/Q is rather small compared to unity, a 
near linear relation is still observed in Fig. 13. 

2. Modiftcatibn in the hydrogen adeorption energies 
for sites adjacent to adsorbed anions.^The adsorption 
energies for hydrogen on sites adjacent to adsorbed 
anions are expected to be modifi^. This effect can 
occur through changes in the surface electronic struc- 
ture as well as local changes within the compact double 
layer, particularly the water dipoles immediately ad- 
jacent to the electrode. Such electronic interactions 
of the anions with hydrogen adsorbed on adjacent sites 
are similar to those considered by Conway et al. (10) 
in regard to induced heterogeneity. The authors believe 
this effect to be small except for strongly adsorbed 
ions such as iodide where very substantial electronic 
interactions occur between metal surface t rbitals and 
those of the iodide. 

3. Chanyej in the potential distribution across the 
interface^For ionic double layer effects to have a 
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Fig. I2i Veltsfflmotromi for Fr in O.IM NoOH with l~ oniont 
oddtd. Cunt I, OJA! NoOH; curve 2, O.IM NoOH + Nolj 

curve 3, 0.IM NoOH + Not. 

large influence on hydrogen adsorption requires that 
the Had have substantial positive or negative charge. 
Double layer effect may produce minor shifts in the 
peak potentials such as obsv^rved with some cations in 
alkaline solutions, but it is doubtful if the M-H dipoles 
are sufflciently strong to explain the large shifts in the 
peak potentials observed with anion adsorptions in acid 
electrolytes. 

4. Surface restrueturinp.— During the sweep of the 
potential into the anodic film formation region, the ions 
adsorbed on the metal and the anodic film possibly 
can influence the surface restructuring which occurs 
during the oxidation and subsequent reduction of the 
platinum surface. Thus the microstructure and dis> 
tribution of lattice sites prevailing in the hydrogen 
adsorption region are probably dependent on the elec- 
trolyte composition. This effect can result in changes 
in the relative peak heights, but should not result in 
significant shifts in the peak potentials. 

Of these various mechanisms for accounting for 
anion and cation effects, the authors beUc/e that the 
coupling of the ionic adsorption to the hydrogen ad- 
sorption (mechanism 1) is predominant for anion ad- 
sorption effects in acid media end tha* changes in the 
double layer-potential distributions (mechanism 3) is 
predominant for the cation adsorption effects on alka- 
line solutions. 
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gen peak os e legarithmic function of S04*~ concentration. The 
chorga is expressed os o rotio Qhiv/Qh to the totol charge for 
hydrogen cheffllse^ien. Curve I, SO«*~ in 0.IN HClOe ond curve 
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RKCKKT ADVANCES IK WE tN*DKUSTAKDIWC OK ELECTKOCATAI.YSIS A.%‘D 
ITS IU:LATtON TO SURFACE CMEM15TRY 


Crn<!Kt Yciiftcr 


Caum taboratcricji for Electrochenlcal Scudios nnd Hio 
Choaistry DepArtci«nc» Ca&« UesCoca Reserve University 
Cleveland » Ohio 4^*106 


1. IKTRODUCTXOh 

Elec trosorpt ion playa a key role in elect rocotalysis* Little in-* 
formation is avallablo^ however* concerning the chcnlcal nature of the 
interactions of the adsorbed species with the electrode and even less 
about the adsorption cites. This situation has been detrimental to the 
developraent of elect rocatnly sis os a science. Were is a general lack 
of good riolecular level tcchnlquc;s for cxetilning the chenlcal structure 
of elec trochen leal interfaces* analogous to the various spectroscopic 
techniques which have had such an inpact on bulk phase chemistry. In 
most instances elect rochentl cal techniques pvovide a sensitive tool for 
the detection of elec troaorpt ion but lack needed molecular level 
specificity. Even the charge on elect rosorbed species cannot be deter- 
mined electrocheulcally because of the difficulty of resolving what 
fraction of the externally provided charge is transferred to the ad-- 
sorbed species rather than just residing on the metal surface* compen- 
sating the charge of the elect rosorbed species and the remaiueJer of the 
ionic double layer (see e.g.* ref. 1-5). 

The ptost proniiing rxperln^iatal approach for obtaining such molec- 
ular level Information is in situ optical spectroscopy. Ultraviolet- 
visible reflectance spectroscopy and cllipsometric spectroBOopy 
are sensitive to the surface electronic properties^ Although a number 
of' clectrocheDlsts have made use of these techniques to study electro- 
sorption over the past dec«ade, to date these measurements have provided 
little further understanding of the electronic ^features of adsorption. 
Kuch of the needed infotrj.it Ion is contained in the ultraviolet-visible 
reflectance and el lip some trie data but interpretation is a major prob- 
lem — not restricted to elcctrocheciical iutcrfaces. 

Vibrational data for adsorbed species would also be very helpful. 
In situ infrared studios have been carried out (S*9) but have rot 
yielded much Information. Solvent absorption is a serious problem. Tn 
situ Raman (11*1?) and particularly resonant r%aman (13), where appli- 
cable* appear more promising for adsorbed organic species since sjoI- 
vents such as water are not a problem. 

It is unfortunate that the elegant surface physics techniques 
such as LEED, UPS, XPS and Auger cannot be applied in situ to electro- 
chemical studies. Even so, efforts arc in progress to use the.se tech- 
niques in electrochemical studies with special procedures for mlnlmix- 
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l«g structural c)iv'in;^;es diirXa^ tbe trattnfcr hctn^cn tl*c ulcctrochccitcaX 
Si(id hix;U vacmin cuvl ron:*jents. 

The rolo of ndsorbed specioii and Kurface layors In ulcctrocata ly- 
sis vlll be reviewed for several electrode sy steer?;: 


n. nit£ inrDKocEN euxxrods 

In recent years* sooia f;cnecal lnsi$;hCs have been achieved into the 
relationship of hydrogen electrode kinetics to hydrogen adsorption* 

For a given mechanisffi the exchange current density is ralateci to the 
standard free energy of adsorption of the portlcular type of adsorbed 
hydrogen upon which the kinetics depend* this dependence is repre<* 
sented by the fataillar volcano shaped curves (14-16)* shown In 1* 

according to Farsons (14)* for the following rate controlling steps: 


X. 

Discharge: 


+ c- ^ MjO + 

(a) 

u* 

Rccomblna t ion : 


Il2 

(b) 

til. 

lon^’plus atom; 

HjO* 

+ + «*• lIjO + «2 

(c) 


where reaction I may b^ followed by «*lther It or III. Reaction III 
may proceed with IntctraediaCe; l.c** 

«3^'^ •*• »‘«d 

(H-H) + c“ llj (C-) 

I’ho fiat portion of the curves corresponds to the XemTcla region of the 
adsorption Isotherm. In constructing the volcano curves ttie t ran of or 
coefficient relating the standard free energy of activation (Ac;®)*^’ to 
the standard free energy change 6C® has been taken to he 1/2; l.e.* 
a « A(AC®) “ 0.5. Vhis uay be open to question for Pscactions II and 
111* Arguments can be put forth (17)* based on Bond’s uodul of non- 
activated adsorption of type C hydrogen (40)* that (/‘.G®) ^ approaches 
AG® for Reaction II on oome metals* Further it is. likely that the 
activated state for this reaction involves the direct interaction of 
both hydrogens with the surface rather than an end -on interaction of a 
K~h Intermediate. Consequently* the transfer coefficient a for 
Reaction III may also approach unity rather than 1/2. Under mich cir- 
cumstances* the volcano curves take on the form (17) indicated in Fig. 
2* using a combination of Freiter’s data (18) and Ludwig’s data (IV) 
(extended to KCl) as a few calibration points. 

Xhe experimentally obsterved behavior of hydrogen overpotential on 
various metals correlates reasonably well with Fig. 2. Metals such as 
Hg* XI* 2n* Cd and Fb which adsorb hydrogen weakly (positive values of 
Ac®) have low values for the apparent exchange current density* Tafel 
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i; lopes of and React ion X ad rate control liuj'. Ifdnlo ouch au 

ft and thiQ Ve family with Ag* values close to 0 have tilcti apparent 
exetian^c curtnnt dotiolties and RXnetlco which indlcato that Reaction IX 
follows Reaction 1 and la rate controlling. Hetnls ouch as Ko» Ta amt 
U which strongly adsorb hydrogen again have low cxchango current den- 
sities and kinetics which indicate Reaction 111 follows Reaction X and 
is rate controlling. 

An inportariC implication of the volcano curves is that It In* un- 
likely A catalyst will bo found with an exchange current density hlgtier 
than that for Ft olnco this racial tuts AC* close to 0. The main thrust 
of applied research on hydrogen electrocatalysts should bo the finding 
of catalysts with higher exchange currents per unit cost and roslstance 
to poisoning and to loss of area when used in tUgh area ferns. 

Various authors have e::amincd the discharge step X theoretical ly» 
taking into account the possibility of proton tunnelling (for a review^ 
see ref. 20). Bocktlo mid Macthevs (21) have proposed the model in 
Fig. 3. The vertical transition corresponds to the transfer of mi 
electron from the 1‘eritil level of the metal to the Ion with no 

change in the reaction coordinate, raidlationless electron traiuifor 
(tunnelling) occurct nt the intersection of the two Morse cuvvea from 
the metal to the vlbrationally excited ^30^. The various electron 
energy levels In the metal correspond to translation vertically of the? 
Horse curve for the initial state. The principal levels contrlbutliig 
to the discharge current are those within kT of the Vurwi level. 

^Several clcctrocheraists have considered proton tunnelling through 
the barrier rather than over the b«trrJer. Rockrijj ct nl. (21^22) using 
n oynmetrlcal Eckart barrier have concluded that proton turmelVing is 
Importvint to hydrogen discharge on Hg and compatIbTo vitti liiK»ar Tnfel 
behavior. Chrirtov (23~2!>) reached a nlmtlar conclusion using eytni’iet*- 
rlcal and asycciietrical Eckhart and parabolic barrtory. Conway (26) 
treated proton tunnelling, assurning the proton to originate from a 
water molecule Immediately adjiscenl to the surface with a very thin 
barrier (0.!>?v). This model results in high tunnelling probability but 
high Tafel slopes at low ovcrpotcntlnls and nou-linear Taf bohaviov 
at higher overpotentials (-^n > 0,5V), which is contrary to the expari- 
mental clvTta for Itg. Conway and Salomon (27) have concluded that pr<v- 
ton tunnelling Is not important for proton discharge even at tempera- 
tures do’.Jn to ”110*C in methanol, (The activation energy is esson- 
tlally independent of temperature.) 

icvlch (28) has questioned the validity of using the Camow tiiu- 
hexling equation for proton discharge because of conipllcatlons asso- 
ciated with solvent polarisation fluctuations. Bocktls and Sen (31) 
have rebutted this argument by attempting to show that the proton 
tunnelling occurs in a time considerably less than the 10 **^ and 
hence short compared to the solvent relaxation times. 
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Iho in Fig. % <lo<?s not taT;ct Into Account 

roiionAncc liitor.)ctlpaii At the iiitersoctlca of the llotroit curvcu. 
SaloLion^ Knko and Convay (30) and Bockrlo and Son (31) Imvo 
tliA no.'TiNoiaplricAl bond^'cncrgy bond -order tu>chod (IIKbU) to calcalato 
the potential onorgy Aurf.'icc» Sockrio and Sen arrive tit a value oC IS 
kcAl/ttole lor the height of the barrier lor l(g» which noema reasonable* 

Dogofiadae, Kuznetsov ami tovlch (32»33) have treated Heactioit 1 
using a quaittiiBi seat ist leal nechanical approach which Ici an cxteaalon 
of their earlier outer sphere electron treatment* llie proton no well 
as electron transfer are Asminad to be fast stibsys tecta with the sol'- 
vent a olow system* Their treatment la interesting but unfortunately 
does not Include the contribution to activation associated with 
stretchirg of the U-M bonds. The recent quautut;! statistical 

riechanif.al troatment' of Kharkats and Ulstrup (3^») t;ikes into nccoiiiiC 
not only llie hulk solvent polarl:;atloa contributions but nltto discrete 
inodes around the reaction centers which they considered to be a sol- 
vated ion* These author show that anliarncniiclty can account lor 

the extended Tafel linvarity observed over note than IV on net»tls ouch 
as Mg* 

Hydrogen electrode kXtUftics are of special Interest: on Ft because 
of Its high catalytic activity. Various workers (35-3*/) have found a 
Tafel slope for the cathodic branch of-KV/2F and high exchange current 
densities (o.g .9 . Two cKplannt ions have been odvanced lor 

this behavior. $chuldiner (35) and Upekris efe al, (36) have «;uhI a 
r:echanlsm involving KcMcciorts X and II (d:lsch:irg»^ followed by atomic 
reco.'sbinatioa) with re.ictiort II rate contcolliug. Breitev (38) has 
proponed pure diffusion control involving disnolved On the basis 

of ultrasonic (36) and rotating dink-r/ng (39»19) cjeanuror>entn> Yeager 
et al. have proposed th.^t the eathudic process Ir. controlled by com- 
bined K 2 diffusion and recomblnntipn kin tC lcs. Pan^uns (16) and 
KtiiiUtalik (61) have offered theoretical ior donorpticn by 

IVjactlon II as rvite controlling. 

The anodic oxidation of exhibits first order dependence on 
concent rat ion (62) and most vvrkers consider the dissocintivo adsorp- 
tion of (the reverses of Keaetton H) as rate -control ling (uec e.g., 
42-65) • Merc ag^iln, howtivor, the high exchange current density HKikcvS 
it difficult to exaintuG the kinetics v/lthout transport of* dissolved II^ 
to the electrode sjurface being the predominant control » itven v;ith the 
rotating disk electrode technique (i9»42,66)» particularly vith Ft 
electrodes vltlch have relatively high area end hence high activity as 
a result of repeated cycling to anodic potontiala prior to the 
oxidation measurenfents. , • 

A problem associated with lU formatlou with the kinetics con- 
trolled hy Eoactlon 71 is that tnc-RT/2K slope is to bn expected with 
low H(ads) coverage (35), On the other h'lnd, various clectrocliemlcal 
tocasurenento liicluding impedance (e.g* 47), linear sweep voltammetry 
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(f»ec 45-51) im<f chnrgtni; curvoo (c.i;., 5?, 53) incflcalo. ttial rotiit 

It(ad) Is alrtf^dy c 1 o:.q to unity at the lovcrolhlv potoiitlnl* 

3lil3 piobloM can fcc rui»oIvc<i by ttiat ivo types of nro 

invoivi^i! Ill tilt* ovcraH electrode protean anu tb:»t tlio mtsorboi! Iiytlro- 
i;oii jnvolved In r.oactloci H la at lou covcray,i»» as mt'jfjastod l>>* 
ScbiiliUn^^r (35»43). 'Hie 0/:t!t?<}iico of sovaral types of adsorbed hydro** 
l«cn on l*t appears fairly evident fro;? Ibo various clcctrochoMical 
riOAsurements of lutsorbci! hydro'ian Just citc^d* Urns Ibu formation 
may be reproaunted as follovn; 


+ rT 11^ 
«A " »B " “«J 

«i «4 h 


(it) 

(«) 

<o 


vlicro Ifj and lt| mtiy or tay not be th« anna; ntepa d and o are o.sa^n- 
tlally tevarnlblo; mid one or raon; of tba foiris oi H(ad) nro at litp.b 
(CoverOiio but tbe altos availt/olc for If^ and H. typo adnorpMott nro xit 
low covora^a. Considorinit conibined kinetic and diffusion control with 
I,an^,r:iulr behavior for 11. and H., the* current-poteutl/il bohovlor for tho 
anodic as well as cathodic hrc'.ncher. ir. deiJcrlhi*d by tha eiiuatlon 

lnn/a-f>;t>^^)) « + Jn)f^ ( 1 ) 


vhero 



(2) 


i^ is th.^ anC'dlc diffin;ion iinltin{* cuvreni. fh’n-Xiy l./r )U tran*;j>orc, 
i Is the current dc*tr.ity for K^wTctlon f, r| is the overpotuu- 

traX and tl$e otlv^r s>Tibolr. 1 their usual, i.enninp,. Thifi equuMon 
baa been tentoa for Vc by tudwla ct al. (IV, 19} using tlie rotating. 
dlnV. tt'chiilque and fit?^ ihcs d^.ta quite* veil (ix-'e I’lg. 4)* The values 
C/f 1.^ evaluated for in 6.KJ HCl for a pressure of 1 atn at 5?5*C 
arr ^ >: a0~ ^A/cn" for i‘t rot roughened by cycling to anodic 

potentials. 


Vne q»*ention rermins open as to what type of adoorhed hydrop^cn iff 
involved in the desorption reaction f. It in imHkuly that and H| 
correspond to any of the hydrogen penhi; observed by linear sweep vol‘- 
toT-Tsatry and other rlectrocliCMlcal techniques on ?t* Konethele.su^ It 
will he h^^lpful to under Kraud various factors contributing to up 

to five hydrogen peaks ohDcrved in the voltapioetry curves* I'acioiU} 
explanations have been piopor. :d including cUfforent adsorption jrXtea 
on a given ^'.ingle crystal sue face > a distribution of crystallographic 
purfaecs* indvicod heterogeneity associated with hydrogen adsorpeinn 
Itself (50) and anion adsorption v/hicli induces heterogeneity by Mock- 
ing cites to varying degruea and perturbing adjacent; uites (51) • Th« 
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l>£Dtioimco<l depf»«cJv»tic«:* of the ltyc!roip»ii olectrouorptlou on tim typ«* Aiul 
concontiMt ton of union (llf;, &) imlicntefi thrjt hydro^icn acliiorptlon- 
dosoi'ptloti are coupJci to nnion dorsorptton’ndsocption <^*l). 

In an Jittonpt to re^olvt* thin proMua, various t!li«cti'ocht*nir»ta 
hav« CNaatnod liydroijun (ifuctrosarptton on crystal l*t* Wi.ll (5'i) 

lixanln&d the low lndt>i< planiu (t00)» (ilO) and (III) orul foufut 
8«M4 two mjor' poaka on thoau thruu orhmtaLlona nlUH»uf»h thu relative 
holy.hta dupendod on tho rrysCal orientation. Ilia olnp.lo crystal Tc 
cloctrodoa otudlod by Wilt probably did not oxpor.w a r.i.u^Xc crystallo- 
graphic (lurfacc. Ttui distribution of cystallographic ourfaCG pIri;u*J 
dopendfi on th« overall orientation «nJ ttie extent to which tho ourfaca 
baa been cycled to anodic potential a* V/ill arrived tit thu coneluylon 
that the ptrongly adsatb^d hydro;;en punk IV (Tig. 5) coi.*re.spoiuhi to 
thu 100 plane mu! the weakly ftdtiorbed peak I to tJic (110) plane. 

Father muilogouo results have buon reported by Uruivtl et nl. (bb) for 
the (100) and (111) Ft niufacea. Uliene worker n used electron nlcro- 
ncopy to establish that the r.urfaceu v;t*re f acet^*frt*e- Kiiioshlta end 
Stonehart (57) hive e/,et?.!nad h>'drogc',n ad‘*orpMoa on dliiperf.ecl Pt ns a 
function of crystallite size and find a d^^pcnvlencu which th*iy Interpret 
nri furtlier evidence that the tmUiplu result froM dll feront .sur^^ 

face, crystallographic structures. 

In contrast* Bagoisky et al. (55) am! Cemway ct at. (50) h.ivu con- 
eluded froa their single cryt^al It studiiu; that there is Httlu dif- 
feren'^e in the hydrogi*n mtsorptiou on the (100) (HO) and (111) p.laaaa# 
Conway ot al. (50) nttrlhuU? the putripli^ ptual.-j principally to Imhiced 
heturcge^^'rtlty arir. t;ig frc..} collective lou;;*Tange electronic inter- 
ne tic a 

Ihe prohah'lity ir. t‘lgh In «*ill of the (JngTc rrystal studies just 
cited that tha ::urlace prevailing during the elnctruchenlcal uoauKWo- 
reata does iiot cerrespond to a single cryiUal plane. Kwu If ?t 
crystal has only one plruj * predorilnant i *r(>rc t nv clcrtrosorpLlon 
n^^ivurorents, these autliors gt>n?^rally cycled thoir elect rijclos to anodic 
potonMnls in th*‘ anodic, film region t() oxldirv-» or desorb inter rerlng 
Eurface contamInai;t n and this procoduie in llkf'Xy to eaiu*e restructut- 
ing. 

r.ucenCly several groups have .attempted to ttcvise techni'iu'^s which 
pcniit the iutrostuct.lon of a. singin cry tal uv^rrueo of predominantly 
one plane and free of impurllius into an clectrodiemical cnvlronmenc 
vicli a iLtninmm pos.rlhilUy of rcstnmiur.hng nnd cof Ion. Xhase 
Includv A. Hubbard at the: Hniver^Uy of C lii i.f .»t 5:{n‘“a Haibara 
(50*59), J. A. Joebstr loyr .heXv^-rr <60) , t^oos at llnii-cd 5VrJuiology 
(60) and th^ author’s gro '.p at Case? ' .u>iurn Ilenecve University (61). 
Each giottp has turruit its itttention to tlie (100), (U,0) and (111) 
plmie.H of rt and first CfStiiblitdies that t!ic surface is predominantly 
one plan-! u.sin^ low energy electron diffraction (lElCU) afid free of 
fiurface ifiipwrities cto\ai to a few percent of a mcmolayer uniug Auger 
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electron eip^ctco^cojiy* 

Tho results obtained by Koijs (f»?) aud in the author*^ Jaboiatory 
by O’Crady ot al. (63) vlll be presented In separate papers in ihif^ 
f.yinpo^iiiia. T!io teatnroa of the tecbnlques used by 0*Cr^idy ct al. 
ere vacuum transfer; thin -layer clcctrocheolcnl cell cechnl<}ues to 
avoid contamluaticn; and introduction of the Pt t;iu2;lo crystal ourfaces 
Into the electrolyte at controlled potentials in the hydro^^cn ndsorp-* 
lion region. In the cyclic voltammetry otudles of hydrogen cloctro- 
corptlon, the potential ranse is restricted to 40. 03 to 0.60V vs. PHE 
to reduce any possible restructuring. The voltamnetry curves on the 
single cryotal Tt surfaces retract with repented cycling* starting with 
the vciry firut sveep. If the voltage sweep is extended f,i\to tlu* anodic 
film formation region to ^i.6V vs. WIE, the hydrogen adEorptiou region 
changes algalf icantly v;lth new peaVs appearing or very ninor peahs 
becoming Wrijor peaks, depending on the original surface. TIiIb is proh- 
ftbly the result of restructuring although t!m possibility cjcXftto that 
oxygen has been irreverplbiy adsorbed into sites within the surface 
layer. 

On the (100) Vt surface. Hubbard et al. (59), Rosa (65;) rind oxir 
Rtoup (62' find one predominant peak (Fig. 6) corresponding to the 
strongly ndsorbed hydrogen pan!; on polycrystallirie Pc in acid «oTutions. 
The hKED pattern for the Vt (103) Indicates a 5 x 20 overlayer i.\esh 
(59*66). This surface probably levertr. to (1x1) in contract with the 
electrolyte. On t,he (III) fau'Iacc, our group finds only n T-rluar pstak 
corresponding to \.»c:ikly adsorbe^d hydrogen vliile Koss and Hubbard ct: nl. 
'report a major peak. The source of this discrepancy is not fully clttar 
hut nay he c.aused by the cycling of the electrode to anodic potentials 
in the case of Koss* work ai*d pos«;ibly also h'ubbard et nl. Altc*rnat Ively 
cur (111) Pt surface may have sone of the site.s blocked by nu inpux’ity 
but on the other hand Auger docs not indicate any such impurity. In 
any event, the presence of only one major peak on the (100) Pt uurfauo 
provides etrong cvldenc-s that the principal peaks on polycrystalline 
?t correspond to dlffexunt cry?itallographic planes. 

A number of theorists ore presently Itwolved In calculating this 
rolntlve bt»nd euerglos for hydrogen nnd othwr species on various sites 
on matwal surfaces, using extended Huckul molecular orbital theory. 
tCAO. «and Xa scattering. Ihese types of caicalatlon can contribute 
substantially to the understanding of electrochemical interface:*... 
teban and Hubbard (65) have used extended liuckel molecular orbital 
theory to predict the most stable sites for various species Including 
Jl^O, Oh"*. H. the halideii and Ft on (UX) Ft* Uhe most stable Kites 
for these species are shown in Fig. 7. According to their calculations, 
the preferred sites for hydrogen edsorptiem on the (111) surface are lu 
tiVe plane between three adjacent Ft. Idiile substantial questions exist 
fly to the validity of Vvnrlous assumptions in sudi calculations, none- 
thelcjss, they present an Important step in tha development of n 
theoretical basis for clectrocntnlysis. [For a review, see (126.127.)) 
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ni. TIIK OXVCiKN EUiCi’nODR 


Tlie oxygen electrode react iomi arc J( r.n well uniter stood than lor 
the hydrogen electrode. The pruuouacod irrcvernihXlity of th« oxygen 
electrode veactlonn at noderutc t'enipti.iMires haa ecvcrely coMipIXcatcd 
mechanistic studies. The e>:chart-;a current densities for the oxgyen 
electrode nro very low — typically 10^10 to 10''^ A A/cm^ on an effect- 
ive catalytic surface such as platlnun at rooct couiper«iture» Couse- 
fjuently the current densiltlos near the reversible potential are gener- 
ally too low to pemXt riensarerT'^uts under conditions where the kinetics 
are r^msltivfe to the reverse as well as forward reactions. yurther» 
the experimentally accessihlc portions of the cathodic and anodic 
br«^nchcs of the polnri 'nation curves are fiufflciently nopa rated in po- 
tential that tJie surface conditions differ very substontiallyv Thete- 
fore» the cathodic and anodic processes under these conditions are 
probably not the reverse of each other. To co;npllcaro the situation 
further^ the oxygen oloctrodo ruactinao mety proceed tliruugti a large 
number of pathways. Thin esplains why the nf*c!iartlsms of Oj, generation 
and reduction are still not fully understood even on platimim, the 
moat extensively used and noat ctudlod Oy cloctro-reducMon catalyst. 

Before discuss lug 0^ elect rocataly sis on specific non-metallic 
surfaces, some of the genet a 1 features of the possible, olftotrode mech- 
anisrns will be considered. reduction in aqueous solutions requfrea 
a strong interaction of Oy v/Ith the elect rode surf ace rc»r the reaction 
to proceed at a reasciuaMe rate. Three types of models for such Inter- 
action Itavo been proposed (6f»,67). Thase and the corresponding likoly 
reaction patl;vays toe Oy reduction are those in Fig. B. The Griffiths 
rod el invo),ves a lateral interaction of the rr-orhltals of the Oy Inter- 
acting w^ith empty d-2 orbitals of a transition olcmant, ion or metal 
atom with back bonding, from at least p:irt In lly filled or dy^ orbi- 
tals of the traiKJltlon elojii'nt to the? ir*' orbitals of fcha Oy, This 
type of interaction should lend to a wc*akenlug of the 0-0 bond x.'lth a 
cor respondL ''g longtheaing of this bond. The Vaska complexUvS [c.g., 

Ii fOy) Cl(C0y (rx*h 3 ) 2 ) appear to form Ruc?i CM->mplexes x^lth Oy ('/1, 72). 
Thfise compoui^ds are selective oxidation catalyses for cyclic, olefins 
(73). T]ie formation of a strong metal-to-o>:ygon iiitera<;t.ion resultts 
in a weakening if tlv*^ 0~0 bond and an increnent la the length of this 
bond (7A) * Sufficiently strong interaction of this type may lead to 
the dissociative adsorption of Oy v/i.th probably slmultanoous proton 
addition and valency chnngG of thi> transition clement in the manner 
rijpresentcd by Pathway T in Fig. 1, followed by reduction of the M(0H)2 
to regenerate the catalyst site. Sands t ode et al. (73, V 6) have at- 
tempted to explain oxygen reduction with square pyramidal Co(ll), 

Fe(II) and Fe(IIX) complexes as v>e.ll as on the thiospinels on the basis 
of such If bonding. Tseung» Hihbs and Tan tram (77) have proposed that 
Oy reduction on bt'-doped illO clianges from a non-dissoclatlve to disso- 
ciative mechanism a!»ove the Meel point (200 for their 'ulO-atem % bl- 
riop'cd NiO) in order to explain the increment in catalytic activity J.n 
KOH hydrate melts above the Fool tomperoture. 
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With tuost trausitlon uctal catAlyr*t^» tho wiost proVable Blructiire 
for O 2 adsorption lo the Paullnj; r^odel (69) In vditdi orhXtnlts of 
©2 interact with djg? crMtals of the traaultlon r.etal. The square 
pyrautidal complexes of Fc(n) end Co(lI)» which have good activity for 
O 2 reduction in acid nolutionSf appear to Involve r.uch an end-on Inter-- 
oction on the basis of c .^r and other evidence (78) • This adsorption of 
O 2 i«i expected to be accompanied by at least it partial charge transfer 
to yield a euperoxtde and then ptsroxlde state* as represented by Path** 
v«'»y II In Fig. 7. Hie adMorption of the O 2 on the square pyramidal 
complexes of Fe(IX) and Co(Z’0 tiay lend directly to the sapertoxide 
state* With somewhat similar ox>’hemoglobln complexes of lr<»u* various 
vorhers have proposed that 0^ binding to the iron involves or O 2 ” 

states with Fe In the Xll-vnleut state (79-Sl). The change in valnncy 
state of the transition metal coupled with tlu^ change in O 2 oxidation 
state during formation of the 0^ adduct correijpoiids in principal to the 
redox eloctrocatalyst concept proposed by et nl. (82,83). 

The further reduction of the O 2 beyond the poi oxide state requires 
rupture of the 0-0 bond. Such can occur in Pathway IIB throug!i Uu? 
formation of O'" or IIO* free radicals in solution or the simultaneous 
reducClon-hond cleavage (electrochemical des'?rption) to yield II 2 O ^>r 
OtP. Neither of these processes are likely to be sufficiently fast at 
practical operating potentials for 0^ cattiodes but the olectcochdmlcal 
desorption is a better canclidatvi. The free cncTgUfs of formation of 
the 0"* and KO* free radicals in solution are just too high to achieve 
sufficiently high concontratior.s for the subsequ^tnt homogeneous reac- 
tions to proceed at rates cor respond ing to reason.ible current densl- 
tira at acceptable electrode potentials. Subr.tatttial evidence exists 
for ?at)r>.'ay IIA yielding solution-v^hnse peroxide for various uotallic 
and non-metal lie electrode surfaces. Uith non-metal lie clcctrodfjr. 
such as carbon, graphite end li.thiated NfO in aqueous alkalin« solu- 
tions, significant amounts of peroxide are found in solution and the 
potential under open-circuit conditions follows the rornnt equation 
predictions for the 02 “*H 02 “ couple (sea e.g., ref. 8^»,85) providing 
the surfaces are free of traces of 1‘t and other contar4inants which 
catalyse peroxide dtiConjp*’;sitioi\ or reduction. 

l/nder seme circumstances it Is possible that the suporoxtde 
cpecies C 2 '* may c!esoi*b to yield the solution-phase species. Thin .ion 
is formed as a reasonably stable entity during 0^ reduction lii aptotic 
solvents (see e*S*> ref. 86-89) and probably in cfarbonate melts (90). 

The superoxide ion also has been proposed to bo formed in aqueous solu- 
tions on ifg (91,92), amalgamated gold (93) and carbon paste (9fi) cath- 
odes in the presence of surface active agents. Under th£?se circutu- 
Btanccs, pi vise!; and hastening (91,92) propose that the surfactant 
molecules displace water molecules from the surface, impeding access 
of water to the adsorbed and thereby inhibiting further reduction. 

Dubrovina and Nekrasov (93) have proposed that the 02* radical may he 
Btabiliced ’ through the formation of a complex with the surfactant 
molecule. In the absence of adsorbed organic species, however, it 
does not appear In alkaline solutions that an 0^^ desorption mechanism 
contributes significantly to tlie observed current. Kotating disk 
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rxpisrlmonts; have r«tht>r cloaily <tt'noniiC rated tliiis loi* and 

also r»ol(l cathodes (96,97). 

Pathway HI in Fi[;. 8 provides an aICcrimte means for bringing 
about rupture of the O-O bomi through the formation of an •“O-O-^h ridge. 
Such ft ctechanlsis nay cone into play with the proper surface spacing of 
transition metal a tons or lono In a natal, oxide or thXosplnol or in a 
Mnetnl complex 'uch as a nacrocyeXe* ll»e fort.^ltioll of the bridge 
ftpecie^ also requires that the two natal species have parflally filled 
^yz *>*^hltals to participate in boiuUng with the orbitals of 
the oxygan* Macrocycllc transition natal co.:iplc*xes of the typo M-O 2 -M 
have been synthasized (e.g., see ref. 98-101) and appear to occur 
nntux*ally in heraaythrln. 

For any of the mechanisms in Fig. 8, considerablo <]ue.ytions exist 
as to tha revetslbility of the O 2 adsorption step iit the vftthor high 
rates involved with practical O 2 cathodes. For O 2 to bcirul to y/' will 
generally re<|uire Ute replaccuant of a water molecule or anlcn of th“ 
electrolyte — a Kltuatlori which would liornally be expected to hc» un- 
favorable to ©2 unless the Oy adduct has a pronounced dipolar c!iaracter 
(M2flo«O-*)(10;»,103). 

At steady state any peroxide fonnr?d on the electrode surrnoe rust 
he subsequently further reduced or decomposed. When the reduction 
proceeds entirely through a peroxide stat'e on the* Glectrcde sux-face 
and/or in the solution, the process is ii::iU3lly referred to ns '^series*' 
vhciroas when 0^ reduction proceeds slnult^meously by a di^isoclatlon 
step without i peroxide r.tato. as well as throug.h a peroxiiJu state, the 
processes are descrlb^td as ’^parallel”. I'eroxide has boon dotccted in 
the solution phase during O 2 reduction on many metallic and non-matal- 
Hr electrodes (c.g., Pt, An, Ag, PI>, hi, MiO, enrhon, gcaphite) in 
various aqueous electrolytes at T < lOO^C. Consequently little doubt 
exists that the psiroxide nechanlm is often functional. 

Various v/orkerti. have used the rotating dislc-rlng eltjctrode to 
cxarilne the kinetics of O2 reduction on a number of motal and ,noa-metai 
fiurfr'ictJS and particularly to establish whether the ceries or parallel 
schemes are applicable, bvimjanovlc, Censhaw and liockrls (1.04) pro- 
posed that a potential dependent intercept for the plot of 1/ij^ vs. 
i//u plot constituted evidence for the, parallel mechanism (ip^disk 
current, ip«ring current, (O'^angular rotation rate). The kinetic analy- 
sis by Datajanovic et al., however, did not onsider a potential depend- 
ent elec trodfi sorption of peroxide. V/fieu such is included iu the analy- 
aiu, it is found that the series mecharlsn can also yield a potential 
dependant intercept (105-107). ’ Wroblosa ct al. (106) has called atten- 
tion to the fact that the correlation of tha intoixopt of the i/ii. vs. 
l/^T* plot with tha slopes at various potcntlo.Ts can serve ns a cuag- 
nostic test for the pai’aHcl maclianism. 


158 


Elcctroctc! nurfaccsu on whicti O 2 reduction procoods prodoainantly hy 
thft porles inechantum tbrotif^h a pc*roxt<l<* iutcmodtatc gold (9/» 

105»113)» graphites ami various enrbona (84,109^111) Includlns glassiy 
carbon (11?) • 3‘ho parallel nacharityii appears operative on Pt (lOd, 
114,117), Ir (m>, Rh (114), Pt-RU alloya (116) and Vd (ll4,U5). 

Kuch wore coniplcte Kinetic data are available for the fcwo-electron 
0^ reduction to peroxide cm a surface such as gold than for the overall 
four electron reduction to vaCer or Otf"* on a surface such as Pc. Tlte 
rotating cUsk-rlng studies of ?urllla et al. (97,105) in alKallne solu- 
tions have ylcjlded a otolchlor.etric nuziber (2,0) and Tafel slopes and 
reaction orders for the forward and reverse reactions which support the 
following wechanisut (9/, 103): 

O 2 + tT ► 0^ (ads) (g) 

20jj**(ac!s) 1 H^O '► + 0^ 0H“* (h) 

with reaction g rate controlling and reaction h fast. Reaction h way 
be wultistcp, llvese reactions involve adsorbed OjT and not the corres- 
ponding solution phase for rndicnln. Evidence for such can he deduced 
,as follows (97): if a solution phase dismutation reaction equivalent to 
reaction h vere involved, then it i.mct occur \/ithln the Rerast boundary 
layer; otheit/ise the rotating disk c>:p?rir.ents could not indicate two 
electrons per C >2 reaching the electrode surface. On the other hand, 
cn upper limit can be set for the 02^ concentration in the solution 
adji^rent to the electrode on the basis of the reversible potential for 
the. 02 / 02 * couple. Pur Cher .nn upper lir^it for the second-order solu- 
tion phase disputation reaction is knovai from radiation chenlstry 
studios. This pernlts an upper XivxLl to be set for the curront. density 
coinpntible witti reaction h an a solution pJiaso process. The valitua so 
calculated aro typically throe ordorfi of jimgaltude below the e>:perX- 
r.ental values (97,118). lima reaction h must t>o n boterogenoous one. 

The further reduction of H02*’ to 0\C Is first order in 
the rate constant has vary little potential depurlunco. This sugqastr. 
a chenical step preceding thv^ electrou transfer as rate coatrolling; 

c.g. 

-I H^O 20K(ads) + OH"* (i> 

In both acid and alkaline solutioas hydrogen peroxide is generated 
during O 2 reduction on Vt. The O 2 reduction to H^O or OlV by a paraXlol 
pathway x^ot involving )l2^2 predominant on reduced Pt in tho 

absence of adsorbed Impurl.tier* (108,114,117). A Tafel slope of-RT/F 
is ot)ser\'od In the region corresponding to the start of anodic film 
formation v/harc Conway et al. (30) and others (119) assign the struc- 
ture in the linear voltamnietry curves to ussentlally reversible OH 
adsorption; i.e., 0.8 to 0.95V vs, WIE. At more cathodic potenttalc; 
the slope shifts tO“2RT/K or a transfer coefficient of 1/2. Similar 
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behavior lia« !ic*cn observed In 'tSSJC (103,1?,0-1W) . Dan.^aiiovlc f t 

nl« (IX?) have <5>:j)lnliivd this hfhavXor ciri the baslfi of the cTIssoclative 
iKlcorptlon of O 2 . Specifically Daiijaiiovic at al. (ll?*124) proposot! 
two pofislble pathways, cxpriaced for alkaline »olutioar> as follows: 


Hechatils;a 1: * 

H + 0, •*■ 2M-0 

<J) 


2|M-0 * e“ K-0“j 

Ck) 


2 IM- 0 ” + HjO »!0U I- Oirj 

(1) 


2IK0H + c" M + 0H“] 

(ra) 

t'tochanlsn 11: 

M + Cj( 2M-0 

<n) 

’ 

2 IK-0 •»• MjO M-0-«-0a J 

<o) 


2IK-0-M-0H • f-" •+ M-O-M-Olf) 

(P) 


2lK-0-M“C«r ->^ K-C’il •^ 0H“) 

(q) 


2|M-0il »• «s“ ■> M on") 

(V) 


Ktichanlsn 1 is stailar to tliat proposed by Krasllshchlhov (123) In 1963. 
Vlth ML*chanls::> I, Dan^jcmovic at al. propose reaction 1 i\» rote control*’ 
ling at low cathodic ovarpotentials and I. rate controlling, at high 
ciithodlc overpotaatlals, thus accounting for the oliift in alop^n. With 
KochanlsMj II, reaction q is rate controlling at low catliadic overpoten*- 
tialn and reaction p at liigh overpotentifnla. 

Tarascvich ( .lA) has proponed a different pathway for 0^ reduction 
to water that involves adsorption of O 2 wlcV.ouf charge tr.insfcr; l.c., 

H ^ M-O^ (r.) ’ 

ih o^ + XI + n^o m -p Man p enf (t) 

with the peroxide reaction coapled ar follov/s; 

M-o^ "i* (T (u) 

M I- e" -k H -k 11^0 *► II k -k li-Oir (v) 

Tarao^ivlch (llf») assumes that the alow steps for both th*^ overall 4e 
reduction rnd the peroxide r.cchanlsm are tlie first electron transfer 
r^^lationa t and v. Tarnsevieh tlicn consldurn the cffcctu of surface 
coverage of M-0 and M-OH on the klnetica of these steps assuming that 
K-O 2 coverage is lo\/ and assufidlng Temkin type beliavior v/.lth respect to 
M-O^and M-Oh. I'he transition from the low to higher Tafol slope re- 
sults as M*"0 coverage bticomes significant. The potential region which 
Tara^sevich assigns to M-0 fonaatloa on Ft* however, is attributed by 
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Conuoy al. (50) and our troin> (1X0) to rcverjilble adBori>tioa ol WOH • 
linsjlc concept: that the shift In Tafol itlopo* in ansoclatod with the 
reduction of tho anodic filn, however^ appearu correct* an han xtlso he^nt 
purposed by Dviojaiiovlc and Ct*n:d\aw (125) • 

Time rcntrictionn prevent a dlscusylon of 0^ elect ro^eiiorat ion 
catalysis* 

Xn summary* the science of clcctrocatalysis is still Iti In- 

fancy but there arc promialny. signs on the horlssoti for more rapid 
growth* the most significant cC vhlch in that theorists* surface physic- 
cists and inorganic eheailnts jcitnlng forcer, with eloctrochemists to 
attack thin area as part of tha overall field of heterogeneous catalysts 
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Fi£Mro 7, Adsorptloa sites on Pt (111) for vniious species. 
(Leban end fbbbard (65)]. 
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ELECTROCHEMICAL HYDR03E.V ALv R?XroN CM Tlil Pt (UI) AVD (ICO) SUSr'ACcS 
K, E« O'Crad/i M.Y.C. L'oo, ?.L. K-ijans and Ernest Ycaijcr 
Case Lahoratorios I'or Elect reehcnlcal Studios 
and ChcRistr/ Department, Case »storn Rvso^o 
Univorslt/, Cleveland, Ohio <4136 

t 

Kydrof^on adsorption on platlnun electrodes is of particular inter- 
est to clcetroehcaists because of the important rolo it plays in the 
olcetrocitalytic behavior of this notal* It/dro^cn is deposited at \ud?r» 
potentials on Pt.pivins rise to multiple peaks in the cyclic voltairrto- 
frae.s of both pclycrystalll.no (l) and clngle crystal platir.u:a (l»2)a 
A typical voltar-octry curve for ]>olycry$tnl!lntf platinun ur/Jer ultra 
clean conditions in is shown in Fl«uro 1. Various workers have 

proposed explanations for these peak;, which include: different ad- 
sorption sites on a particular crystallographic surface orientation; 
induced hetoroceneity associated with the perturbation of adjacent 
sites by the adsorbed hydrogen itself (1); and the adsorption of 
anions which create further surface hatoroi»enoity by blocklnn some 
sites and perturbinp. adjacent sites (3). *lhe situation is further 
complicated by the fact thr*t in acid solution the potential of zero 
charpo (F2C) for Ft f.nlls within the hydiopcn ndsorptlon-der.or;»t ion 
rcplon. This lc%*u!s to a pronounced dependence of the hydrop.cn clcctre- 
forption on the typo and concentration of anion in the elect roly ce. 
rurthcrrr.oro, it indicates that the hy;!ropc;i ndsorption-dcsorpt ion is 
coupled with anion desorption-adsorption (3), 

The questions of intrinsic heterogeneities nssoclatcd with differ- 
ent crystal faces and site variation on a given crystallographic 
orientation should be nr.cnablc to study on single crystal surfaces. 
Previous studies have generally shown changes only In the rolativo 
pea?< heights in the volta:n:’.ctry curves while retaining rest cf %ho 
peaks observed on polycrystalUno Pt (1,2). It is very unlikely 
that unique crystallographic surfaces have been examined previously. 

Prior to the observation of the clcctrochcjnlcal adsorption of hydrogen 
It is.custonary to cycle the electrode to anodic potentials in ordvr 
to desorb and oxidize impurities initially present on the Pt surface, At 
these anodic potentials tho Pt surface is oxidized and when tho sur- 
face is subsequently reduced during the hydrogen adsorption r.casurc- 
nents the surface is restructured. 

Uncertainties concerning the surface structure in Pt single crystal 
studies can be virtually clininated by preparing cl^an single crystal 
surface:, in ultra high vacuun, where the surface structure is dctcr- 
tnlned by lEHO and tho surface carnposltioa r.onltorcd by Auger electron 
spectroscopy. These samples are then transferred into an electro- 
chemical cnvlronncnt avoiding conta'iination and oxidation of the sur- 
face, The possibility of chemical restructuring of tho surface is 
ninitnized by never allowing tho electrode to see potentials o.iodlc 
to the hydrogen adsorption region. The problcn of inpuritics 
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oriclnatlns froa tht eloctrplyto phase can be virtually clirtinatcd 
through the use of the thin*la/or cloetrochcnical coll toehniquo 
which was first suscostea by Itubbard (4) • 

This paper doscrlbos the dosicn of the LCSO-Au^Sor-thln layer clcctro- 
chcnlcal (TUI) systen and our results on rt(Ill) and ?t(100) surfaces* 

CXrnRIMRhTAL 

Tlie LCCD-Aufior^Tin systen used in this work is shown schematically 
In Fiiture 2a* The all-wotal UHV I0*^®torr(10*^?a) system has two in- 
dividually pumped chambers which are completely isolated by an all- 
retal bakeablo valve through which the sample nay be transferred. The 
ICCDj^Augor electron spoetromotor is housed in ono chamber ond the 
eloctrochcmical thin-layer cell ond other sample preparation nethods 
oro housed in tho other* 

Tho LBa*>*Ans is a standard Varlan 4-grid retard Ing-f told analyzer. 

Tito sample holder is a modified Varian nanlpulator which allows the 
sample to bo removed for transfer to the second chamber while retaining 
the features of cooling the sample to lOOK and heating it to 120CK. 

In tho second chamber is a liquid-nitrogen- cooled manipulator which 
oUows the s.amplc to bo removed for tranttfer and also positions the 
r.awplc for urgon.ion sputtering or for use in tho thln-laycr cell. The 
transfer of tho sample from tho Uir.D-AuS chamber to tho electrochemical 
chamber and back is Accomplished by n spring-clip holder mounted on a 
wand which is actuated nagnetlcaMy from outside tho vacuum systc:.'!. 

The samples arc prepared by spark cutting n slice about lr.m thick 
from a Pt slnglo crystal febuined from Materials Research Corporation) 
after it has boon oriented (j^O.5*) by Lauo X-ray back scattering. Tho 
sampler, arc spot welded to a*~l mil Pt foil, mechanically polished and 
finally they are spot welded to tho tronsfcrable Mo sample holder. Just 
prior to placement in tho vacuum system ;ho samples oro etched briefly 
in aqua regia. 

After the samples arc transferred into the vacuum system tho surfaces 
ore cleaned by prolonged nrgon-ion bombardment (energy cV) and 
then annealed at 900C to obt.nin a sharp Lnni> pattern. The primary sur- 
face contaminant is carbon which diffused to the surface from the bulk 
of the Pt metal. The Auger spectrum from a clean Pt surface as shov/n in 
rigure 4 and is Identical to those published previously (7). 

Tho electrolyte injection and thin-layer cell aro shown schematically 
in Figure 2 b. The 0.1 N H 2 SO 4 elcctrol^'tc was prepared using ultrapurc 
ncld (Pakcr Ultro.x llgSO^ and pyrolyzod water which was prepared follow- 
ing the method of Conway(S). This solution was dcaeratcd..nnd pro- 
electrolyzed for o mlnlnum of 24 hours In on all-glass vessel before it 
was introduced into tho thin-layer cell by on all Teflon-glass systen. 
Several microl Iters of solution aro placed on the palladium cou.ntcr- 
refcrcncQ electrode with the mlcroiretor syringe and then the palladium 
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electrode is breu[;ht up t! rou(h the gate valve into contact with the 
Ft sa’rplc to Torn the thla-laycr cell. Prior to the eXcctrolyto bc- 

In^ brought into contact with the single crystal oloctroi!o» thi two 
electrodes are connected to the potentlostat with a SOO ohn resistor 
across thca and tho potential applied to a value in the doub!o*laycr 
region 400 taV (RK&)» This prevents any possible excursion of the Ft 
eloetrodo into oxidising potential regions which nay lead to rostruc* 
taring of tho electrode surface* 

There are two important eoisidcrations which lead to the choice of 
tho thin«layor teehnlque for these oxporioents. The first is that 
the small volume of electrolyte used in the cell will introduce a 
ninlmum amount of electrolyte into the vacuum systen, only about 
10*^sil* The second is tho ubiquitous problem of impurities in th? 
electrolyte* Approxlnatoly 10*^ nolc/co* of inpuritlcs arc required 
to form a monolayer on tho surface* If those 10*^noloj of impurities 
arose completely fror4 the solution in the cell (lO'^xl), t**o concen- 
tration of tho impurity which could bo tolerated is of tho order of 
10*^ nolar (M) which is a high Impurity concentration. Konce tho 
thin-4ayor coll in far Icsa susceptible tc impurity contaulnation 
ihntt the conventional elect rochcmlcnl C'^U* Tho normal operation of 
:i thin-layer cell requires a capillary cotmoctioit to an external 
reference electrode. It is a difficult problcn to introduce this 
capillary into tho vacuum system and maintain the vacuum integrity of 
the system. This problem has been overcome in our exporiments hy com- 
bining tho counter and reference electrodes as a singlo palladium- 
hydrogen alloy electrode. Also, the countcr-vcforonco electrode sur- 
face must bo os clean as the electrode surface being studied. I a 
order to insure this, the countor-rcfcrcnce electrode Is donned 
by argon ion sputtering and then is maintained in a hydrogen atirosphcre 
prior to its use. 

Tho procedure followed in theso experiments is as follows: 

1. Tho platinum singlo crystal samples oro introduced 
Into tho sample preparation chamber. 

2* Tho system is evacuated and baked until tho pressure 
after cooling is in tho lO’^^torr region. 

5* Tho sample is argon-ion sputtered, 

4, Tho sample is transferred to the LHOO-ACS chamber nnd 
tho Auger spectrum is recorded. If It is clean, tho 
sample Is annealed at 'v OOOC, the Auger spectrum is 
run again and the cleanliness is checked and tho U:LD 

• pattern observed. If tho surface is not dean, the 
entire process is repeated until a clean surface is 
obtained. 

5. After cleaning, the sample is returned to tho prepara- 
tion chamber and positioned in tho thiii-luyor coll. 
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6 * Tho preparation chxr^ber is brought to atr^sphorle 
pressure with ultrapero ar£On* 

7* Tho oloctrochc.iical charactorisatioa of tho sarsplo 
is carried out* 

$0 Tho preparation chanibor is then re«ovacuated and 
• tho sanplo returned to tho first cha; 4 ber for further 

exaninstion by and LEED* 

RESULTS 

Tho use of cyclic voltnnnctry to charactcrire the nhorption 
and desorption of hydronen on platinan is nev well docuicntcJ (I»7« 

5) # A typical voltannocran of pelycr>atalUnc i*t in (M S 112^04 

is shown in Finuro 1 * This scan uas obtained usin.! cenve«;VionaI 
eloctrochcnlcal methods taVlnp. special prcc&utionr« to r.ininixu 
inpuritics (3). This volt arjt.ee ran contains all of tho fine structure 
which has loon found for platinun in clean solutions (I •3). 

Voltorjaaprarr.s showinij this characteristic structure, especially 

in Vho hyctrop.cn ndsorption/dcsorplion rcp.ion, have jtfncrnlly not 
been ohtaiiicit iisinp, tliln-laycr elcctrochciicul tceti.-.icjucs (.*^cc e.fi. 

6 ) . In Ficwiro 3 Is shown n typical volta;rjno;tr.;:^ for polycry:iialllno 

Vt i'\ 0.1 N observed both In tho hydrop.cn aduorpt ion- 

do so rpt I on’"r' 2 |; ion and in tho oxide for.* 3 ation-rcduction rc|*ion. 
itence it is possible to utilixe the Fd-H alloy electrode as a co;*- 
bined countcr-rcfcrcnco and to study hydro;;cn adsorption-desorption 
phenomena in this thin layer electrochemical cell. 

Finuro 5 shows the electrochemical adsorption of hydroson on 
dean Ft (III) in C.l K H 2^*04 obtained on tho fiv.*t scan. Tho scan 
begins at *^0.4 V (RHF.J coing cathodic, toward smaller values of poten- 
iul and .shows a hydronon adsorption peak (b) at ^.10 V and then 
hydro^;cn evolution at 0.05 V. Vhe scan then rovoreoo and proceeds 
In the anodic direction, showing, first a pronounced peak duo to tho 
oxidation of solution phase H 2 p^'oducod during tho initial cathodic 
portion of the swoop ond then n peak (a) at M).12 V due to the 
desorption of hydrogon. Tho charga under the anodic poak is esti- 
mated to be about 25iiC/cr4^. Assuming 15.0 x 10^^* atoms/cm* on tho 
rt*(ni) surface and one hydrogen atom per Ft atom gives a coverage 
of .about 0.1. This rather minor coverage may arise fro.m several 
sources. Although tho Ft (111) gave very sharp diffraction spots 
.‘md n rather low background intensity, this does not insure that the 
surface has a high degree of perfection. This ability to determine 
the perfcctio.n of tho surface Ir.ttico from visual observation of 
tho LEEO patterns has received* swvcrc criticism (6) and It has been 
shown that tho intensity distribution of tho various spots in the 
pattern as a function of tho electron energy nu.U bo studied in 
order to make any dofinitivc .‘statements concerning tho surface 
lattice perfection (3,9). At this tinio we cannot make any co?nmcnt 
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on what tho real contribution of inporfcctions nl^ht be. Sanplcs 
vMch have beon^voll annealed at hich tenporaturo aa tho sanplcs in 
thii atudy voroi usually exhibit a hlchly defeat-free surface (S). 

A second possible factor, could bo centrlbutiniuis the ednes of 
tho ilnslo crystal sartplo. in our earlier report (10) it vas indl* 
cated that tho oleetrolyto did not epread properly on tho clean Pt(lll). 
Tho iuscostioA hero is that tho electrolyte has spread over the cdccs 
of the crystal and tho area at tho cd^os is contributing tho ninor 
hydrogen adsorption observed hero* 

Tho second explanation for the hydrogen adsorption scene the rare 
plausible at this tiiso. Cas phase studios indicate that hydrogen 
doss not readily adsorb on clean Pt(lll) (7,11 )• However, increased 
inperfeetion in the Pt(lll) surface created either by sputtering with* 
out annoaling (U) or by uuing stepped surfaces (IS) loads to In* 
creased hydrogen adsorption os taoasured by flash desorption. 

Pigure 6 shows tho first sweep obtained on Pt(lOO) in 0.1 K H2SO4 
in the tiydrogen clectrosorptlon region. Again the scan was bVgun at 
0.4 V(.7iin) and swept cathodic, giving a hydrogen adsorption ponk at 
^ 0.2 V and then hydrogen evolution at 0.05 V. In the revenso ncin jr * 
ccedlng in the anodic region, an initial csnti*ibutlon troiy II2 oxlitation 
is obsorved and then the very pronounced hydrogen desorption pcaV% is 
observed at ^ 0.23 V. The charge ratio Qcrth^Qanod ^ ar.ounts 
to ' 60uC/c«^. Assuming 13.1 x atous/cn2 on tho Pt(lOO) 
and one hydrogen atan per Pt atom gives a coverage of 0.3. Vhc |k ,».- 
tion of this peak corresponds to the peak which Is nonaally attribu- 
ted to tho strongly adsorbed fora of hydrogen. There nay be r»o;.\c 
slight contribution of v/cakly adsorbed hyd-ogen in this scan but 
further efforts are required to completely establish this possibility. 
Plash desorption results in tho gas phaso on Pt(lOO) (12,13) show 
tl.ls surfuct to bo covered by about 0.3 nonolaycr of hydrogen nt rooa 
tcr.peraturot in very good agreement with the clcctrosorption results 
presented here. 

Tho rffccts of cycling have also been examined. Tho voltarnmogran 
for Pt(lll) after cycling to an anodic limit of l#4 V(UHU) for ten 
cycles is shown in Figaro 7. A definite increase In tho enount of 
adsorbed hydrogen is seen. The weakly adsorbed peak has grown 
and become more defined and a definite peak has begun to appear at 
tho position of tho strongly adsorbed hydrogen. 

This act of results on Pt(lll) and Pf.(100) indiento that tho sur- 
face orientation has a pronounced effect on hydrogen adsorption. 

Tho effect of even slight cycling upon these surfaces is dramatic 
leading to increased hydrogen ndsovption as seen in tho changes of 
peak heights as well as tho addition of peaks at new potentials for 
a given surface. The necessity of conducting experiments at this 
level of purity becomes much more apparent in tho light of the 
present results. In order to establish tho details* extensive verx 
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It required, especially on tlio effects of cyelinc and the role of 
iaperfecclons in adsorption. The latter problem will he studied by 
utins stopped surfaces. Those exporisents are prcto.ntly undcrxay ‘ 
in this laboratory. 

SCKiOXLEDCMCNTt 

The Authors are pleased to aehnowled^e the support of this resvareh 
by ONR. NASA'Amos end the Olnmend Shnnrock Corp. . the hitter throur.h 
t fellowship to one of the authors (K.Y.C.W.). The authors express 
thinks to Coneral IRitors and Union Carbide for erants that helped 
kith the purchase of equipnicnt. 

UFW2.VCBS 

I. II. Ar.f.critoln-Kozlowska, W.6.A. Sharp end B. B. Conway, in 
l*ro ccci!inc s of tho on UlcctTocata1y!^»is » clo Mo*'# 

FfoItcrT’^Xi^^ iocict/p KoJo 1U74). p# 

•\ F. C, Will, Jo Clcctrochcn, Soc., U2 , 4Sl (196S)o 

\. J, C, llunnc, K. U, O'Crod/ G.nd E# Ycasor, J. tlor.trochcT., Soc#, 

In press, 

«. A, T. n.vVjs'ird, Crito Rev, Anal. Chc.r},, 3^, 201 (1073). 

• » F,.n, Conway, H. Anp.crstcin-Kozlowjika, V/, R. A, Sharp and H, Criddlc, 

Anal, Cherr.,, 45, 1331 (1973). 

1. K. r. Lane and A. T, Ihsbbard, J. Phys. Chcsi,, 70, SC5 (1D75). 

5, L. Cornasck and C. A. So:r.orjal, J. Chen;, Phys.» 3149 (1975), 

*. r, s^onr., Surf.ico Scl,, 47S (IDG?). 

«* K. llcckinp.bottoD, Surface Sci., 12, 394 (1969), 

.•I. w. n. O’Grady, 1?,Y,C. V’oo, P.L, Hap.ans and E. Yca^or, J, Vac, 

Scl. Tcchnal. jM, 365 (1977). 

... •iiciiv.’cnhuys, Sui*f%ico Scl., 50, 430 (1976), 

. , K. r, Lu and R, R. Rye, Surface Scl,, 4j2» (1974), 

h P, Kotzer and C. Knerincer, Surface Scl., Sl^t 526 (1975). 

•. 1‘. Christnann, C, Ertl and T. Pifinot, Surface Scl., S£, 365 (1976). 

* . Christnann and G. Ertl, Surface Scl., 365 (1976) • 


177 







^ifurc 2. SchunUtic <Jrawini»» of (a) the Ui:nD-Auccr-tMr\ layer electro- 
chemical r.ystcn and (b) detalU of the solution injection 
end thin-layer cell system. 
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Hydrogen Adsorption on Single Crystal Platinum 
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Vat'lous eleotrochsnlsts (l-^) have exam- 
ined the role of surface structure In electro- 
catalysis but the results have not been highly 
conclusive. Recently more sophisticated ef- 
forts have been made to determine the role of 
crystal orientation (6-8). This note reports 
the results of studies of H electrosorption on 
Pb(lll), (100) and (110) as well as the effect 
5f cycling tlie potential of polycrystalllne Pt. 

The LEED-Auger-electrochsmlcal system 
jsed In these studies has been described else- 
diere (6). The Pt surfaces were cleaned by 
irgon Ion sputtering at 330eV and annealed at 
)00®C to obtain sharp LEED patterns. The 
jrlnclpal surface contaminant Is carbon which 
lifft)ses to the surface from the bulk of the 
ft. Ihis pi’ctcedurc was repeated a number of 
times until r»o further C or other Ixrpiu’lty was 
iGtectable In the Auger spectrum (sensitive to 
to. 01 monolayer). The save procedure was 
locd for polycrystalllne Pt v/lthout the IiHH) 
examination. Wic sanple was next transferred 
inder vacuam Into a second vacuum chamber 
chlch was back-filled with ultra-pure argon 
C99*9999/S, further purified by T1 getterlng). 
[■he sample was then examined electrochemlcally 
Ln a thin-layer cell with an a Pd-H counter 
jlectrode In 0.05M H2S04, prepared with ultra- 
)ure acid (Baker Oltrex H2S0t>) and pyrolyzed 
filter. The Pt was brought into contact v;lth 
;he electrolyte under controlled potential 
.O.^V "s. RKS) to minimize the possibility of 
;urface reconstruction. 

Figure 1 presents the voltammetry curves 
'or Pt(lOO) and (111) obtained on the first 
athodlc scan, startlr.g at 0.*#V (RHE) and the 
cverse anodic sweep. H2 formation Is ob- 
erved In the cathodic sweep at 'vO.OpV and 
he cofcploment iry H2 oxidation peak In the 
nodlc sweep. The (111) surface exhibits a 
Twl] H peak In the anodic and cathodic sweeps 
w 'vO.lOV. The charge under the anodic peak 
i estimated to be ''*7wC/cm^. Assuming 
5.0 X 10'‘*atorns/cm^ on Pt(lll) and one II per 
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Pt atom, this corresponds to a lo*^ coverage of 
M).03. The 'first sweep on the Pt(llO) surface 
also exhibits a quite small H peak at n>0.1V 
and Is similar to that for Pt(Ul). This Is 
not surprising since a (2x1) LEED pattern vias 
obtained for the Pt(llO) surface as a result 
of a reconstructed surface composed of PtClll) 
facets (9)> 

The first sweep for the Pt(lOO) surface 
Indicates a much larger H peak at 'vQ.25'/, cor- 
responding to more strongly adsorbed H. 
Although the anodic and cathodic peaks differ 
In width, the cliarge ratio Q(cath)/Q(anod)*'vI 
and the charge Is '»«50pC/cm*. Assumtlng 
13.1 X 10* ** atoms/cm^ on the Pt(lOO) surface, 
this corresponds to a coverage of ^-0.3. There 
ray also be a small contribution from weakly 
adsorbed K. Tne IJHV pattern for the clean Pt 
(100) surface indicated a (5x1) overlayer as 
reported in the literature (10) but this sur- 
face probably reconstructed to (1x1) upon in- 
troduction into the electrolyte. 

The H coverages on these surfaces are 
surprlslrigly low compared to those found In 
co.nventlona.1 electrochemical experiments on 
polycrystalllne Pt, The 0.3 coverage for 
strongly adsorbed H on Pt(lOO), however, com- 
pares favorably vdth flash desorption studies 

(11) in the gas phase on Pt(lOO) which also 
yield coverages of 'v-0.3 at room temperature. 
The low coverage ('^0.03) for the v/eakly adsor- 
bed H peaks on the Pb(llO) and (111) may not 
be associated v/lth these surfaces but rather 
edge effects in the thin-layer cell. They may 
also arise from portions of the surface which 
are not the orientation indicated by the LEED 
pattern. The LEED patterns are sharp and up 
to literature standards but this does not nec- 
cessarily insure a very high degree of surface 
perfection. Samples annealed at higii tempera- 
tures as in the present study, however, 
usually I'lave relatively defect free surfa'ses 

(12) . A third possibility Is that the low- 
coverage is the result of surface contn-aira- 
tion. Ihis is unlikely irj view of the exten- 
sive precautions to prevent contamination. 
Reexamination of the surfaces w^^lth Aiti.cr 
after the electrochemical measurements ••■as 
complicated by the non-volatility of the 
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electrolyte. Post-Auger measurements Indi- 
cated larce sui.cur peaks from the sulfate 
electrolyte and only a minor C peak. On the 
basis of the ratio of tiie C to Pt peaks^ the 
C coverage was less than M).! ironolayer. 

In Fl0itre 2 is sliom the initial scon Ir 

0. 9.1 K2SO1, for polycrystalline Pt. The scan 

Ki3*l)C£;un at O.w and swept cathodically. A 
predominate H peak appears at corres- 

ponding to stronger adsorbed H with only a 
minor contribution due to the weakly adsorbed 
hydrogen. The high temperature annealed poly 
ctystalline Pt resembled quite closely the 
(100) surface. Cycling of the polycrystalUn 
Pt out to 1.3\f In the anodic film region lead 
to increases In the areas of the H peaks al- 
ready present as v;ell as the development of 
additional peaks. After 33 cycles the voltam- 
mogram begins to take on the appearance nor- 
mally found In conventional studies of Pt. 

The most likely explanation Is the reconstruc- 
tion of the Pt surface. 
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I. INTRODUCTION 

.Electrochemistry Is undergoing a renaissance, a key feature of which Is the 
attracting of scientists to this area from other disciplines. This renaissance 
has been partially stimulated by the Importance of electrochemistry to energy 
conversion and storage. Equally Important are Indications that 

electrochemistry has reached a critical stage where rapid development of the 
science Is likely to occur over the next decade. 

During the early part of this century, much of the thermodynamics of electro- 
chemistry as a whole was put In place but electrochemical kinetics and electrocatalysi 
remained an art rather than a science. Reproducibility of kinetic measui^ements In 
electrocatalysis studies was a particular problem but over the past two decades 
electrochemists have gained sufficient control over the various experimental factors 
to achieve reasonably reproducible results even with surface demanding reactions. 
Substantial theoretical developments have also occurred over the last two decades 1i. 
the areas of electron and proton charge transfer at electrochemical Interfaces. 
Further, the impact of the various surface chemical physics techniques, both in situ 
and ex situ to the electrochemical environment. Is starting to be felt in electro- 
catalysis. The potential for major strides in the science of electrocatalysis using 
non-traditional methods over the next decade is great and provides the rationale 
for this conference. 
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II. MODELS FOR THE SOLID-ELECTROLYTE INTERFACE 

The Ionic double layer on the solution side of an electrochemical Interface 
consists of two regions* a compact layer Immediately adjacent to the electrode and 
a diffuse Ion layer extending Into the solution phase. Most of the potential drop 
between the two bulk phases Is usually across the compact layer. Figure 1 presents 
a model of the compact layer as proposed by Bockris et a1 . [1]. Adjacent to the 
electrode surface Is a layer of v/ater molecules whose structure and orientation de- 
pend on the specific Interaction with the electrode surface as well as the electric 
field. In electrolytes such as NaCI* the cations Interact rather strongly with the 
Immediately adjacent water molecules and the Inner hydration sphere Is retained as 
the cation approaches the electrode surface even when the electrode Is quite negative 
relative to the solution. Thus* In the plane of closest approach to the electrode 
surface (the outer Helmholtz plane) cations are usually separated by one or two water 
molecules from the surface except at quite cathodic potentials. In contract* most 
anions Interact rather weakly with water and their limiting distance of closest ap- 
proach often corresponds to direct cont:ct as shown In Fig. 1. This Is referred to 
as specific Ionic adsorption and the plane through the centers of these Ions In their 
limiting position Is known as the Inner Helmholtz plane. Anions may be retained In 
this plane even when the electrode Is negatively charged because of favorable inter- 
action with the surface. 

The potential distribution across the interface averaged parallel to the surface 
is shown In Figs. 2 and 3 without and with specific adsorption [5]. Potential 
gradients of 3 x lO^V/cm are easily reached in the compact layer when the electrode 
Is at a potential remote to the point of zero charge on the electrode relative to the 
electrolyte. These potential gradients play an important role in the electrochemical 
processes at the interface. 

The theoretical treatments of the potential distribution across the diffuse 
layer are simple only for dilute solutions (<0.01M)(see e.g. ref. 7). At higher 


concentrations, account must be taken of solvent dielectric saturation and dis* 
creteness, the finite size of the Ions, and the polarizability of the Ions. The 
treatments become quite sophisticated [2-4,6, 7], Including the use of cluster theory 
[2J. At concentrations greater than l.OM, the Debye length approaches the dimensions 
of a solvated Ion and the diffuse layer Is no longer "diffuse”. No fully quantitative 
description Is available for such concentrated electrolytes. The potential drop 
across the layer, however, becomes small at high electrolyte concentrations and 
therefore less Important to the overall behavior of the Interface. 

For electrochemical reactions, the plane X2 Is often considered as the 
pre-reaction state for non-speclally adsorbed reactants. Electrochemists 
have developed methods for estimating the potential < 1)2 and then calculating 
the concentrations of ionic reactants in this plane [5,7]. In kinetic studies 
of electrochemical reactions, the experimentalist often adds a large concen- 
tration of a "supporting" electrolyte whose ions are not involved in the reac- 
tions in order to keep ((ig numerically small. 

When specific adsorption occurs, the situation is far more dif- 

ficult. There is really no fully quantitative treatment to calculate <j>j. The surface 
concentration and coverage, however, can often be determined by both electrochemical 
[7] and other methods such as optical reflectance [8]. 

Various multiple state models have been proposed for the structure of the compact 
layer and particularly the solvent adjacent to the surface, including the three-state 
models of Damaskin and Frumkin [9,10] and Bockris and Habib [12] and the four-state 
models of Parsons [11]. The four states according to Parsons's treatment are shown 
in Fig. 4 and involve single water dipoles oriented towards and away from the surface 
and clusters consisting of three water molecules with net dipoles also towards and 
away from the surface. 

The most extensively used experimental test of various models for the compact 
layer is the differential electrode capacitance. There is a divergence of viev/s as 
to just how well the experimental capacitance data fit the models [14-20]. These 


models of the compact layer* however* In general do not adequately take Into account 
the electronic properties and discrete structure of the electrode surface or the 
Interaction of the water adjacent to the electrode with other water molecules. 

Without such* It Is unlikely that any treatment of the compact layer will provide an 
adeq*iate basis for understanding the properties of the Interface. The truncation of 
the conduction band orbitals at the electrode surface results In an evanescent wave 
extending Into the Interface. When the charge on the metal Is changed* the extent to 
which the evanescent wave extends out from the metal surface changes (see Fig. 5). 

The water molecules and other species In the compact layer feel the tall of the 
electron density distribution. Even If there Is no strong localized orbital Inter- 
action* the distance of approach of the solvent molecules and solvent dipole Inter- 
actions at the surface will be changed. Furthermore* at high positive charge on the 
electrode* the extension of the tall of the s- conduction band Into the Interface will 
probably regress to the point that the more tightly bound d orbitals will no longer be 
well shielded at the Interface. This Is likely to result In a significant change in 
the Interaction of the solvent molecules with the electrode surface. 

III. CHARGE TRANSFER PROCESSES ACROSS THE METAL-ELECTROLYTE INTERFACE 

Electron transfer processes at metal -electrolyte Interfaces may be divided Into 
two classes: 

1. electron transfer to and from the outer Helmholtz plane 

2. electron transfer to and from the Inner Helmholtz plane 

With the former ( C and C In Fig. 6)* the electron Is transferred from the conduction 

band In the metal at an energy within 'v ± kT of the Fermi level to the reacting species 

In the outer Helmholtz plane and vice versa. The Interaction of the solution phase 
reactant with the metal surface Is weak. 

Since the electron transfer Is non-radlative* It Is necessary for the tunnelling 
process to occur without a change In the energy of the system within the restraint of 
the uncertainty principle. This In turn requires that the metal -reacting species- 
solvent system be pre-stressed to a condition wherein the energy of the overall system 


Is the same with the electron either In the metal con- 

duction band or an orbital of the reacting species. This constitutes the activated 
state. In this activated state, the resonance stabilization Is weak and the electron 
transfer may be described as non-adlabatic or only weakly adiabatic. The barrier 
through which the electron tunnels In the activated state Involves the solvent 
molecules separating the metal and the outer Helmholtz plane. Only virtual states 
are expected to be Involved In this barrier. Following the electron transfer, the 
reactant-solvent system relaxes back to a minimum potential energy state. 

When the reacting species Is In the Inner Helmholtz plane (A In Fig. 6), the 
Interaction of the electron orbitals of the reacting species with the metal Is far 
stronger. Pronounced resonance splitting occurs In the activated state and the electron 
becomes delocalized in the activated state with the process adiabatic. 

In addition to these two cases. It Is possible to have a reacting species (B In 

Fig. 6) In the outer Helmholtz plane Interact with an Ionic species In the Inner 

Helmholtz plane which serves as a bridge for the electron transfer. The barrier for the 
electron transfer may now have a real electron state of accessible energy. This can 
result In a higher electron transmission probability through the barrier In the 
activated state and under favorable conditions even substantial resonance splitting. 
Bridging Ions in the Inner Helmholtz plane may lead to a much higher concentration of 
the reacting species In the outer Helmholtz plane If the charge of the reacting 
species Is of opposite sign. 

Marcus [21-25] has treated the first case using classical statistical mechanics 
to calculate the free energy of activation. His treatment of electron transfer at the 
electrochemical Interface Is very similar to that for homogeneous electron transfer 
between two reacting species In solution. He sets the rate constant for the hetero- 
geneous electron transfer equal to 

k = ic Z exp - (A6*/kT) (1) 

where k Is the electron transmission coefficient in the activated state, Z is the 
frequency factor analogous to the colloslon number in homogeneous second order 


kinetics and AG* Is the free energy of activation Involved In ttie prestressing of 
the system prior to the radiationless electron transfer. Marcus 

gives for the contributing terms to AG* the following: 

AG “ AG* + AG* ♦ AGf + AG* (2) 

0 0 1 s 

where AG* ^s the electrical work term associated with bringing the reacting species 
%• 

to the outer Helmholtz plane* AG* Is the reorganizatlonal free energy contribution 
from the Inner coordination sphere of the reacting species* AG* Is the corresponding 
term for other solvent molecules surrounding the reacting species and AG* Is an entropy 
term associated with any change In the electron spin before and after the electron 
transfer. Marcus treats the distribution of activated states corresponding to electron 
transfer from or to the various electronic energy levels In the metal near the Fermi 
level as the equivalent of a single activated state corresponding to the Fermi 
level. Bond stretching contributions from the Inner coordination sphere are Included 
through AG* [25, see also ref. 26,27]. Marcus takes Into account the Interaction of 
the linage forces In the metal on the solvent polarization In the AG* te !. Within 
the frame work of classical statistical mechanics* It Is Impossible to calculate the 
transmission factor k: and hence Marcus assumes the process to be weakly but sufficiently 
adiabatic for ic*>il* but without substantial resonance stabilization In the activated 
state. 

Comparison of the Marcus treatment with experimental data Indicates at least 
order of magnitude agreement for electron transfer reactions at metal electrodes when 
the reacting species Is In the outer Helmholtz plane [21, 39-41]. 

Levich* Dogonadze and Kuznetsov (LDK) [28-32] have used quantum statistical 
mechanics to treat non-adlabatic homogeneous and heterogeneous electron transfers 
and have been able to calculate k as a function of distance of approach. The basic 
equation In their treatment for the reduction current 1n the heterogeneous electron 
transfer 1s 

1 “ eJ^Jc(x)m(e)p(c)W(G,x) de dx (3) 

where p(e) Is the density of electronic states In the metal, p(e) Is the Fermi- 


Dirac distribution function, and W(e,x) 1$ the transition probability for the system 
to be transformed from the Initial to final state. The latter Is calculated with 
first order perturbation theory, us^ng the Franck-Condon principle and using the 
Born-Oppenhelmer approximation to separate the electronic and nuclear wave functions. 

In their early treatment of U(c,x), LDK considered the reacting Ion with Its 
Inner coordination sphere as a frozen system which did not contribute to the activation 
process. They reasoned that the relevant vibration inodes of the Inner coordination 
sphere were such that hv » kT, and hence, to excite them from the ground vibrational 
state would require too many multiphonon Interactions to have a reasonable probability 
of their excitation. This reasoning, however, does not take into account the possiblllt. 
of vibrational energy being stored In much softer modes associated collectively with 
the outer and Inner coordination sphere solvent (particularly bond bending modes). 

With random phasing, this vibrational energy Is then transferred Into Inner sphere 
stretching modes which could then contribute very substantially to the activated 
state. Many workers [21,26,33-36] have called attention to the Importance of the 
Inner sphere contributions, which within the frame work of the Marcus theory often 
results In AG^ being larger than AG^. Dogonadze and his co-workers [37,38], however, 
still appear to hold the view that vibrational modes with hv » kT are not directly 
Involved In the activation process and their effects on the rates Involve only the 
pre-experlmental factor. Schmickler [44] and Schmidt [45,46] have attempted to In- 
clude Inner coordination spheres In the LDK treatment. 

3+ 2+ 

For an one electron transfer process such as Fe + e Fe with equal con- 

Ox 

centratlons of Fe and Fe , both the Marcus and LDK type treatments lead to a 
potential dependence for the current density of the form 

1 » Fk^c [exp-3 - exp(l-3)pj^(E-E^^ (4) 

3*f 

where k„ Is the standard rate constant, c Is the concentration of either the Fe 
0 

Ox 

or Fe , E^ Is the standard reversible electrode potential, F ic the Faraday, and 
3 is known as the transfer coefficient. Both theories predict a value of 3 * 0.5 


provided the electrode potential E Is not varied too far either positively or nega- 
tively from the reversible value. In practice B Is constant over a much wider po- 
tential range than expected. This has been partially explained by Introducing non- 
parabolic terms In the LDK treatment. 

Theoretical effort have also 

been directed to the bridge-assisted electron transfer reactions* both heterogeneous 
and homogeneous. The principal theoretical work In this area Is by the Dogonadze 
group [42.43) » who have used second order perturbation theory to calculate the 
transition probability factor W(t,x). This has Involved the rather doubtful assumption, 
however, that there Is no strong Interaction between the electronic states of the re- 
acting species In the outer Helmholtz plane, the bridging species In the Inner Helm- 
holtz plane and the metal electrode. 

IV. PROTON TRANSFER ELECTRODE REACTIONS 

The discharge of protons to Form H 2 is among the most studied electrochemical 
reactions In which the electrode surface has a pronounced catalytic effect. The 
first step In this process Is Fhe discharge of the proton from either a hydronlum 
Ion In acid aqueous electrolytes or a water molecule In neutral or basic electrolytes 
to form an adsorbed H; I.e. H^O^ + e f=^H(ads) + H 2 O. For metal such as Hg, this step 
Is rate controlling. Various authors have attempted to calculate the potential energy 
surfaces for this reaction using various models for the pre-reaction state of the 
hydronlum ion at the electrode surface and the activated state. Bockris and Matthews 
[47.48] have proposed the model In Fig. 7 In which the central oxygen of the hy- 
dronlum ion resides at a distance of 'v 3.4A frotn the electrode surface just prior 
to the transfer of the proton to the adsorbed state on the metal surface. These 
workers have then attempted to construct the potential energy surface from the Morse 
curves, assuming that In the activated state the electron Is transferred from the 
conduction band of the metal to the proton by tunnelling. Bockris and Sen [49] and 


Salomon et a1 , [50] have considered resonance splitting due to strong 

Interaction In the activated state, using the bond energy bond order (BEBO) method 
of Paar and Johnson [51]. 

Instead of transmission of the proton over the barrier shown In Fig. 7, various 
authors [48,52-56] over a nunber of years have considered the possibility uf proton 
tunnelling through the barrier using various potential barriers. 

Both theoretical and Isotopic experimental evidence appear 
to favor proton tunnelling as responsible for a substantial fraction of the current 
associated with proton discharge on some metals such as Hg where the barrier for 
discharge Is high. 

Dogonadze, Kuznetsov and I.evich (DKL) [57,58] have attempted to treat the pro- 
ton discharge reaction using a theoretical approach similar to that Involved In 
their treatment of electron transfer outer Helmholtz f. ane reactions. They 
Invoke the assumption that the probability of exciting the [H - Oll^]^ and M-H 
stretching modes In the activated state Is sufficiently unlikely to be neglected 
since hv » kT. They then consider the proton and electron to be a fast subsystem 
with the solvent as the slow system. In the DKL treatment activation occurs by 
solvent fluctuations. The neglect of the various vibrational modes In the hydronium 
Ion and the M-H bond, however, does not appear proper for reasons similar to those 
mentioned earlier In conjunction with the DKL electron transfer treatment. 

Aside from the question of transmission over the barrier vs. tunnelling, such 
treatments are seriously compromised by the lack of sufficient information concerning 
the sites Involved in the proton adsorption on the electrode surface and solvent 
Interactions at this surface. 

V. TYPES OF INFORMATION NEEDED TO UNDERSTAND SOLID-ELECTROLYTE INTERFACES 

The traditional approaches to the study of electrochemical interfaces involve 
the thermodynamic characterization of the interface and its response to perturbation 
from equilibrium conditions In terms of current-charge-potential measurements [59]. 
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A wide range of both steady state and transient perturbation techniques have been 
used. Such techn1c;ues are often very sensitive to the microscopic features of the 
Interface and particularly to the presence of adsorbed spcJes at even ^ small 
fraction of a monolayer species thj*.t may be present as residual Impurities as 
well as Intentionally added. Today, however, the electrochemlst In fundamental 
studies has been able to achieve well controlled conditions where Impurity adsorption 
Is negligible and In fact where the only species Immediately adjacent to the electrode 
surface Is the solvent Itself. This is the electrochemical equivalent of the ultra 
high vacuum of the surface physicist. 

The difficulty with these electrochemical methods Is that despite good sensitivity 
they lack sufflcl^-nt molecular specificity. They do not Indicate on what sites a 
particular species Is adsorbed, the i.iture of the Interactions with the substrate 
and usually not even the charge on the adsorbed species. Often the electrosorption 
of a species on to the electrode surface Is attended by gross chemical changes In the 
species and electrochemical methods alone do not usually reveal the nature of these 
changes. 

To Illustrate, consider the adsorption of hydrogen on platinum. The voltammetry 
curve shown In Fig. 8 was obtained by measuring the current while sweeping the applied 
potential cyclically between limits. The hydrogen adsorption occurs during the sweep 
from 0.3 to O.OV (cathodic direction) while the hydrogen desorption occurs during 
the reverse sweep (anodic direction) over this same range. [The structure at more 
positive potentials (>0.6V) Is due to the formation of an anodic film Involving an 
adsorbed o;^gen species and its subsequent very Irreversible reduction.] Up to five 
hydrogen peaks have been deconvoluted from the desorption sweep [60]. T.ils hydrogen 
desorption curve Is somewhat analogous to the thermal desorption curves for hydrogen 
on platinum at the solid-gas Interface. The electrochemical desorption, however, 
approaches reversible behavior at slow sweep rates and involves the formation of 
hydronium uns (H 30 )^ while the thermal desorption is usually irreversible and leads 



to Hp molecules. In each Instance, the weakly bound hydrogen Is desorbed first. 

At the electrochunical Interface, the hydrogen desorption . may be attended by 
some rearrangement of the water structure at the Interface, depending on the type 
of hydrogen adsorption site. The energetics of hydrogen electrochemical adsorption- 
desorption reflect not only the bonding of the hydrogen to surface sites but also 
the Interaction of water with these sites and tlu> odsorbed hydrogen. 

In a sense, the voltaiimetry curves arc a form of energy spectroscopy with the 
potential a relative measure of the enenrgy of the adsorbed species In various states 
on the surface. The resclutlon Is sufficient to resolve several peaks In Fig. 8. 

The question Is then what causes these peaks: fre they due to adsorption on dif- 
ferent ystal surfaces, different sites on a given crystal plane. Induced heterogeneity 
competitive adsorption of othf species such as anions? Single crystal studies using 
LEED quality surfaces an! special techniques for the transfer from the high 

vacuum to electrochemical environments provide evidence that the multiple peak 
structures In Fig. 8 are associated principally with different 

crystallographic planes [103-10P]. 

A particularly interesting phenomenon is the underpotential deposition (UPD) of 
mono- and submonolayers of metal atoms on a foreign metal substrate. The formation 
of such layers is termed underpotential electrodeposition because the layers are 
formed at potentials quite positive to those for the deposition of the 

bulk metal of the layer. UPD occurs because of a favorable interaction of the UPD 
species with the substrate. One approximate indication of the strength of such inter- 
actions is the difference in the work function of the substrate metal and that of the 
layer in bulk form [61-64]. The correlation is quite good, even though the work 
function is a bulk property and the electronic properties of the UPD species may 
not well approximate those of the corresponding bulk metal. In fact, there is still 
some uncertainty as to what extent the UPD species may retain significant ionic 
character in various instances. More than electrochemical methods are needed to 
establish the nature of the electronic interactions. In situ UV-visible optical 


methods are particularly promising and have alrcatly yielded significant Information 
[65-68]. 

The UPD adsorption-desorption curves on single crystal surfaces con- 

tain peaks or spikes some of which are particularly sharp; for example. with lead on 
the Au (lll)-(l X 1) one peak component Is of 

the order of 5 mV (Fig. 9). These single crystal studies were carried out with In- 
strumentation deset ibed In Section VI of this paper [110], Such sharp peaks may be 
caused by order-disorder transitions and in some instances condensation Into patches 
with probably some registration between the atoms of the layer and the substrate. 

They are quite specific to the particular low index surfaces. 

In contrast the adsorption-desorption of species such as the halide ions on noble 
metals such as gold [69-71] yields very broad peaks with half widths often of several 

tens of a volt. This can be explained on the basis of unfavorable interactions between 
the adsorbed species. 

While the voltammetry curves provide information concerning the adsorption iso- 
therm, this is not sufficient to understand electrosorption and its role in various 
electrochemical processes where the processes depend strongly o., the catalytic 
properties of the electrode surface. Microscopic level information is needed 
concerning the surface electronic states, bonding, configuration, adsorption sites 
and vibrational properties for adsorbed species and the state of the solvent 
adjacent to the electrode surface. How do we obtain such? 

VI. OVERVIEW OF NON-TRADITIONAL EXPERIMENTAL APPROACHES 

Much progress has been made in recent years in studies of the chemical physics 
of solid-vacuum interfaces using various electron photon and ion physics technioues. 

On the other hand, in most bulk phases the chemist today is almost routinely able to 
pin down the structure of quite complex molecules principally through the use of the 
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optical spectroscopies and nuc'iear magnetic resonance spectroscopy coupled v/lth 
conventional chemical methods. So* far the only spectroscopies which have found 
edtensive use for In situ studies of electrochemical Interface are UV-vIsIble re- 
flectance spectroscopy and Raman, the latter very recently. These optical methods 
are quite promising but to date their Impact on the understanding of the electro- 
chemical Interface has been only moderate. The lectures and papers scheduled for 
this conference, however, provide evidence of a great surge of progress In under- 
standing optical phenomena at electrochemical Interfaces and gaining useful In- 
formation concerning such Interfaces. 

There are three experimental approaches to obtaining molecular level Information 
concerning electrochemical Interfaces and processes occurring thereat: 

A. direct In situ spectroscopic measurements; 

B. ex situ measurements on the electrode surface before 
and after electrochemical measurements; and 

C. complementary ^ situ experiments at solid-vacuum and 
solid-gas Interfaces deslgned to provide Insight con- 
cerning tlia interaction of various species with electrode 
surfaces. 

in situ spectroscopic techniques 

Table I lists the majority of the presently used jn situ spectroscopic 
techniques for the study of electrochemical Interfaces. Various windows exist for 
electromagnetic radiation in solvents such as water, i.e. X-ray, UV~visible and 
for very limited paths certain parts of the infrared. Consequently optical spectro- 
scopy lends itself to in situ studies. The majority of the UV-visible and infrared 
studies make use of Intensity changes upon reflection from the electrochemical 
interface in the external or internal attenuated total reflection modes. With the 
external mode both specular and diffuse reflection techniques have been used. The 
reflectance changes attending the change of electrode potential are small but still 
quite easily measured with modern signal detection-processing techniques. These re- 
flectance techniques have yielded information concerning surface charge, adsorption 
Isotherms, the state of water in the compact double layer, transitions in under- 
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potential deposited layers, surface roughness and the electronic properties of 
anodic films and passivation layers on metals as well as 

semiconductor-electrolyte Interfaces (for reviews, see ref. 73-75). Ell Ipsometric 
spectroscopy using automatic Instrumentation [76,77] Is a particularly powerful 
technique for obtaining information concerning the collective dielectric 
properties of the Interface and adsorbed layers as a function of wavelength and 
potential and the effective optical thickness of these layers [76,77]. The critical 
need in this area Is for theoretical treatments of the collective optical properties 
of the metal -electrolyte Interface and adsorbed species at the monolayer so as to 
provide a quantitative frame work within which to Intcrprete such optical measure- 
ments. With layers which are much thicker than monolayer dimensions (e.g. passivation 
layers on active metals), a simple t»'»*ee layer optical model involving two continuous 
phases with an intermediate thin layer appears to be adequate [77.78]. 

Since the early observations of unusually strong Raman signals for pyridine 
adsorbed on silver by Fleischmann, Hindra and their students at Southampton [79-85], 
great Interest has developed in Raman studies of adsorbed species on electrode surfaces. 
Indeed this conference has fifteen papers in thia area, principally directed to pos- 
sible mechanisms for the large surface enhanced Raman signals observed with most 
adsorbed molecules on silver and also copper. Several explanations have been offered 
for the surface enhancement and it is likely that more than one mechanism is involved. 
With adsorbed spvncies exhibiting intrinsic resonance Raman, very strong signals have 
been observed on other metal* such as bright platinum electrodes (see e.g. ref. 86,87). 
Although the Raman signals may only be observable with certain electrode surfaces, 
this technqiue is expected to prove of much importance to electrochemistry in pro- 
viding much needed in situ vibrational data. With adsorbed species on semiconductor - 
gas interfaces such as ZnO and Ti02, surface enhanced Raman signals have been observed 
as the incident laser radiation approaches the band gap [88]. 

With probe molecules exhibiting strong intrinsic resonance Raman such as para 


n1trosod1metl\y1ana11ne» It has been possible to establish whether they are adsorbed 
on Lewis acid or base sites by examining changes In their Raman signal [88-90]. 

So far this technique has only been applied to solid-gas Interfaces but It should be 
applicable also to solid-electrolyte Interfaces. 

Aside from the Implications of various photoelectrochemical processes for 
solar energy conversion* they afford Interesting Information concerning band bending 
In semiconductor electrodes* surface states and other electronic features of the 
Interface. A number of papers In the conference are concerned with this area. Photo- 
emission from metals Into electrolytes has also been studied by electrochemists (see 
e.p. 91*9?). 

Mdssbauer spectroscopy has been applied to In situ studies of various layers on 
electrode surfaces containing appropriate elements to serve as either emitters or 
absorbers. From the Mdssbauer spectra* under favorable conditions It Is possible to 
gain insight Into spin states and nearest neighbor Interactions. Particularly inter- 
esting results have been obtained for electrochemical passivation layers on iron [93] 
and Iron transition metal macrocyclic catalyst layers on electrode surfaces such as 
carbon [94*95]. 

When the potential across an electrochemical interface is a.c. modulated, 
both shear and compressibnal acoustical waves are generated. The shear waves re- 
sult from the modulation of the a.c. interfacial tension and are detected in the 
solid electrode phase with a shear sensitive transducer attached to the back side of 
the electrode [96.97]. The compressional waves are readily detected in the electrolyte 
phase with a hydrophone [98.99]. With solid metal electrodes, these compressional 
waves are produced by the a.c. modulation of the volume of the ionic double layer— 
particularly the compact double layer. With semiconductor electrodes, intrinsic and 
field Induced piezoelectric properties may result in large compressional components 
In the electrolyte phase and both shear and compressional components in the solid 
electrode phase. Both the shear and compressional acoustoelectrochemical effects 
ere quite sensitive to adsorbed species at the electrode surface and can be used to 


follow the adsorption-desorption of such. Quantitative measurements of the com- 
presslonal effect on metal electrodes should yield dV/dE (where V Is the volume* E 
Is the applied potential) and hence be of special Interest In testing double layer 
models. 

Electrospin spin resonance has been used to detect various free radicals In the 
electrolyte phase (see e.g. 100-102) and In principal can be used to examine radicals 
adsorbed on electrode surfaces by proper location and configuration of the electrode 
In the microwave cavity of the spectrometer 

Two techniques that appear promising for in situ studies of electrochemical 
Interfaces and particularly catalyst and passivation layers are extended X-ray ab- 
sorption fine structure (EXAFS)® and nuclear magnetic resonance. In both Instances 
it will probably be necessary to use high area electrodes such as dispersed ultra 
small metal particles on a high area carbon support or metal blacks. With the in situ 
EXAFS, It Is worthwhile to consider fluorescence yield as well as the more conventional 
absorption measurements. 

With the recent developments In NMR of solids using magic angle spinning and 
various spin decoupling techniques, it should be possible to obtain the fine line NMR 
spectra of adsorbed species on electrodes even at the monolayer level using very 
high surface area electrocatalysts. 

B. Ex situ Techniques 

The electron and ion spectroscopies listed in Table II can be used to 
characterize electrode surfaces including single crystal systems before and after 
electrochemical measurements. The critical question is whether the electrode sur- 
face can be transferred from the ultra high vacuum environment to the electrochemical 
environment and vice versa without substantial restructuring of the surface as v/ell 
as chemical changes and contamination. Several research groups (see e.g. 103-109) 

^The various features of EXAFS as applied to interface studies will be summarized 
by P. Eisenberger in Lecture G6. 
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havc carried out electrochemical measurements such as hydrogen electrosorption 

and lead underpotcntlal electrodeposition on noble metal single crystal surfaces 

or RHEAO 

which have been prepared and characterized with LEED/ln ultrahigh vacuun. Special 
p**ecaut1ons have been used to minimize the possibility of restructuring during the 
transfer Into the electrolyte. The approach used In the author's laboratory for 
accomplishing such Is as follows [110]. Clean single crystal platinum or gold 
surfaces of known orientation are prepared by repeated sputtering with argon and 
high temperature annealing in an ultra high vacuum chamber (A in Fig. 10). The 
surfaces are examined with LEEO an''- Auger spectroscopy in ultra high vacuum 
('V. 10"^® Torr) and then transferred into a second vacuum chamber (B in Fig. 10) 
also at MO"^® Torr without removal from the vacuum environment by means of a 
magnetically operated transfer wand, Ultrapiire argon is then admitted to this 
vacuum container. A second parallel electrode surface with a drop of electrolyte 
is then brought close to the single crystal surface to form a thin layer electro- 
chemical cell with a gap of lO'em. This second electrode is choosen so as to 
serve both as a counter and potential reference electrode. The use of the thin- 
layer cell technique results in a high area to volume of electrolyte ratio and hence 

much less sensitivity of the single crystal surface to impurities in the electrolyte 

-5 -2 

(e.g. a 10 M of a typical ionic impurity corresponds to 'u 10 of a monolayer even 

if all adsorbed on the electrode surface). Following the electrochemical measure- 
ments, the electrodes are separated. With an electrolyte such as aqueous dilute HF, 
the electrolyte can be completely vaporized at room temperature as the argon 

is pumped out. The single crystal electrode is then re- transferred into the LEED- 
Auger chamger and the surface re-examined. 

This system was used to obtain the voltammetry data in Fig. 10 for lead underpo- 
tential deposited on single crystal gold from a O.IM HF solution containing 10~^M 
Pb with an a -PdAI counter reference electrode. The LEED patterns following the 
electrochemical treatment indicate relatively complex behavior, which depends on 


the single crystal surface and the potentials to which the electrode has been 
expanded [110]. When the single crystal gold surfaces aro Introduced Into the 
electrolyte and removed at potentials somewhat anodic to those for UPD of lead, 
the LEEO patterns resemble the original patterns. With even the Au(lOO) surface 
with Its Initial (5x20) overlayer, there Is still evidence of the (5x20) pattern 
after this apparently mild electrochemical treatment. On the other hand. If 
more than 0.1 of a monolayer of Pb Is formed on this surface, only the (1x1) 
pattern Is observed. With depositions of substantial fractions of a mono* 
layer of lead, restructuring Involving substrate atoms appears to occur at 
least on some gold surfaces. There are Interesting similarities between 
this work and that of Rhead et al. [111.112] on vapor deposited lead on 
single cryutal gold. 

C. Complementary ^ situ experiments 

The electrochemical Interface can not be simulated even approximately with 
solid-vacuum Interfaces. Nonetheless. studies of the adsorption of water, oxygen 
various organic molecules and other species at such Interfaces can provide Information 
of help In understanding electrochemical Interfaces. The 1n:eract1on of water with 
such metals as gold and platinum Is relatively weak at electrochemical Interfaces 
and hence, some similarities are expected between the behavior of various adsorbed 
neutral species such as hydrogen atoms and organic species on these metals In the 
electrochemical and vacuum environments. Such comparisons are most likely to be valid 
when the electrochemical Interface Is near the potential of zero charge and the po- 
tential gradient at the Interface Is small. 

Particular types of Information which can prove useful to the electrochemist 
Include the energetics of the adsorption process, types of adsorption sites, config- 
uration, electronic and vibrational properties of the adsorbed species and chemical 
modifications of the adsorbate attending the adsorption process. Most electrochemists 
concerned with various electrocatalysis processes already pay considerable attention 
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to solid-gas catalytic literature and this trend Is likely to Increase over 
the coming decade. 
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Figure 0. Voltoianetry curve for the uuderpotcntlal 
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TABLE 1. 


NON-TRADITIONAL IN SITU TECHNIQUES FOR THE STUDY OF 
SOL ID ELECTROLYTE IN rEftl ACES 


PRESENT 


I. Optical 

A iJV-vIsIble, Infrared 

- specular reflectance spectroscopy: external, internal 

- ellipsometry - as a spectroscopic tool 

- diffuse reflectance spectroscopy 

- photoacoustic spectroscopy 

B. Raman spectroscopy 

C. Photoassisted processes, including photoemission 

II. Mdssbauer spectroscopy 


III. Acoustoelectrochemical iiionsurements 

- shear wave generation 

- compress ional v/ave generation 

IV. Electron spin resonance 


PRO M ISIiiG POSS IBILITI ES 


V. EXAFS 

VI. NMR 


- brondl ine 
~ high resolution 


TABLE II. EX SjTJU Ti:CllNIQUKS FOB THL STUDY OF LLECritOOE SURFACES 


I. Electron Physics 

X-ray photoelcctron spectroscopy (XPS) 

Ultraviolet photoulectron spectroscojiy UPS) 

Aujie** ‘•poctroscopy 

Electrofi energy loss spectroscopy 

Low cnei'i^ tlectron diffraction (LEED) 

Reflection high energy electron diffraction (RHEED) 

Inelastic electron tunnelling 

Transmission electron microscopy - diffraction 

II. Ion Beams 

Ion scattering spectroscopy 
Secondary ion mass spectroscopy 



